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and disadvantages. For the translation of 
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used by Chemical Abstracts, partly be- 
cause of its wide acceptance by othe! 
journals and partly because of certail 
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The principal differences between thi 
system and others in common use are @ 
follows: 


Russian Chem, Abs. Other: 
x kh 
mag ts 
ul shch 
tO yu 
A 


ya 


158 GEOCHEMISTRY NO, 4 
a OO O_O 


EFFECT OF METAMORPHISM ON GEOLOGIC AGE 
AS DETERMINED BY THE LEAD METHOD 


E. K. Gerling 


Laboratory of Geology of the Precambrian 
Academy of Sciences, USSR, Leningrad 


Abstract 


The applicability of the graphic method of calculating the true age of a min- 
‘al and of the time of its last metamorphism, proposed by Ahrens and Veser- 
|, is described in this article. With this method it has been determined that 
e true age of Belomore uraninites is 1950 x 10® years, not 1800 x 10% years 
s was formerly thought. These changes in the uraninite age were taken into 
count in calculating a new value for the constant of K-capture by K*# accord- 
g to radiogenic argon included in micas. The newly calculated value proved 
be equal to 5.4 x 10-"! year. This value differs by 10% from the former 
.02 x 1071! year-1) and differs only by 3% from the value obtained in the U.S.A. 


The wide variations in geologic ages obtained from the ratios 
p78 /U?* | Pb?” /U?* , Pb*””/Pb*” , and Pb*”*/Th?™ are related to 
yme sort of a loss either of the initial or of the final products of de- 
ly. Many investigators believe that the emanations of the radioactive 
inerals are among the principal factors responsible for these 
\riations. 
Such is the viewpoint of F. Wickman [1], as is well known. He even 
‘sumed that the emanation in question is due entirely to the long-lived 
tope of radon, whose atoms diffuse through fissures and capillaries. 
he pointed out, the result is a lower Pb””°/U?* ratio and a corres- 
ndingly higher Pb””/Pb*™ ratio. It has been concluded that the most 
iable age figure may be obtained from the Pb*”/U”™, for uranium 
inerals, even if the mineral is not particularly well preserved. I. E. 
rik [2] adheres to this reasoning, as he pointed out that emanation 
the main process by which the isotope ratios are disturbed in radio- 
ive minerals. Since the emanation of radon for our samples may be 
reciable, larger than in the case of actinon, the age calculated from 
Pb” /U?* ratio should be the most reliable of all. 
The foregoing premises were followed in estimations of the age of 
ninites from Belomore (The White Sea maritime areas), and the 
re of 1800 x 10° years, calculated from the Pb*”/U** ratio, was 
zepted as the result. 
)Many investigators expressed their doubts recently as to emanation 
tng the sole factor affecting the age estimations. These doubts are 
ised on the following evidence: 
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1. It was proved that the deficiency of lead caused by the emanation 
is smaller than actual losses of this element. This was shown experi-} 
mentally by Eckelman and Kulp for uranium ores from Lake Athabask 
The same was observed for the Witwatersrand ores and for the 
Karelian uraninites. 

2. It was shown that, in emanation by the minerals, the principal | 
part is played not by diffusion of radon, as was formerly believed, but 
by effects resulting from losses of the emanating atoms themselves. 

This thesis was sustained by the experiments of I. E. Starik and 
O. S. Melikova [3] who found that the diffusion of radon from uraninite | 
becomes noticeable only above 500°C and is sustained further by the ! 
equality of the radon and actinon emanation coefficients established by } 
N. D. Kosov and V. V. Cherdyntsev [4] for certain minerals. If radon } 
and actinon are equal, the most reliable estimates of the age should b 
made on the basis of the Pb?”/Pb”° ratio and not from the Pb?”’/U?” 
ratio, as was formerly believed. 

3. We must consider the fact that emanations of the majority of 
uranium minerals, in natural environments, are considerably below the} 
experimental levels determined in the laboratory. This discrepancy 
should be favored by pressures in the earth’s crust which cause dimi : 
nutions in porosity, sealing of fissures, and a lowering of permeability 

The evidence here listed leads to the conclusion that emanation _ 
cannot be the principal cause of the scattering of the age data obtainec 
by the lead method from different ratios of the isotopes. 

Davidson and Bowie, in 1951 [5], were the first ones to suggest 
metamorphism and redeposition of pitchblende ores. These phenomen 
may easily explain the large discrepancies in the results by Louw [6] } 
based on different isotopic ratios for the age of the Witwatersrand —} 
uranium ores. 

Louw’s explanation of the discrepancies by losses of radon contra 
dict the fact of the low emanating capacity of his ores, which does no’ 
exceed 0.2 to 0.8%. The hypothesis of Davidson and Bowie is con- 
firmed by the accumulation of galena within the altered pitchblende 
and by the diagnostic isotopic composition of lead in the galena. The 
Pb” and Pb”® isotopes are definitely higher in this galena, or they 
may be the only two isotopes contained therein. Observation shows 
convincingly that a galena of this kind could have been formed only by _ 
a metamorphism of the pitchblende in later times. 

Analogous suppositions were advanced in 1954 by C. B. Collins, — 
R. M. Farquar, and R. D. Russell [7], in order to explain the scatter 
ing of the age data on the Athabasca, Canada, uranium ores. In their 
view, there has been a solution of the ancient ore and its subsequent 
reprecipitation. 

In 1954-1955, A. I. Tugarinov [8] and others gave a very interest 
ing report at the Fourth Session of the Committee on the Absolute Ag 
of Geologic Materials dealing with the forms of lead in uranium piteh 
blende, in relation to the absolute age of the minerals. The authors 
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deavored to extract selectively sulfides and native lead from pitch- 
onde without destroying its structures. The presence of relatively 
sh concentrations of Pb*’® and Pb?” in the galena of the pitchblende 
1y be taken as convincing proof that the mineral specimens they used 
d been metamorphosed. The Oldridge-Miller method, first proposed 
1929 [9] for the isolation of metallic lead from slag, as subsequently 
fined by L. E. Gurev [10], Yu. V. Klimenko [11], and others, was 
iployed by the authors. 

The lead sulfide was extracted by trituration of the powdered rock 
th crystalline iodine, as described by P. M. Isakov [12]. Amounts of 
dinary and radiogenic lead extracted selectively by iodine from the 
cchblende and the isotopic composition of radiogenic lead were calcu- 
ed from the isotopic composition of ordinary lead in galena collected 
the same district. The approximate age of the pitchblende, 250 to 

0 million years, was calculated from the isotopic composition of its 
id by the investigators here cited. 

In the same year, A. I. Tugarinov [13] calculated the time of the 
stamorphism for the Witwatersrand pitchblende from the content of 
diogenic lead of two samples of galena. His results are chiefly 
ientation, however, as they were based on the 2 x 10° year age of the 
anium ore which is known to be too low. The corresponding period 
metamorphism of the ore was estimated at 1300 to 1700 million 

ars. 

In 1955, S. I. Zykov, K. K. Zhirov, V. V. Zhirova, and I. S. Ivanova 
|] found that other radioactive minerals, such as uraninites of 
rthern Karelia, may also be subject to hydrothermal alterations. 

e alterations result in losses of fairly large quantities of radiogenic 
4, some of which becomes precipitated as galena in small cracks in 
‘rock. From the isotopic composition of the lead of galena inclu- 
ms, they estimated the time of metamorphism of the uraninite at 500 
700 million years. Phenomena of this kind are very common in 
ure, and they involve many radioactive minerals. Thus, according 
Tilton and Davis et al. [15], certain zircons and other minerals are 
ject to hydrothermal alterations. 

The question is: is it not possible to evaluate the effect of this fac- 
on the age data? Ahrens in 1955 [16] made the first attempt in this 
ction. He showed that, if the Pb*”’/U*™ ratio in different minerals 
one and the same locality is plotted on the abscissa and the Pb””*/ 
ratio in the same minerals is plotted on the ordinate, the majority 
he points will fall on a straight line. 

he straight line obtained by Ahrens for Rhodesian monazites (Fig. 
tersects the curve of the harmonized data ('U?® = “‘u?**) ata 

nt corresponding to 2700 x 10° years. This datum, according to 
ens, should be accepted as the true age of Rhodesian monazites. 

‘o the explanation of this relationship, Ahrens had offered an im- 
able suggestion to the effect that the relationship is connected 

» nuclear processes. 
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Later on Wetherill 


[17] demonstrated ou 

that the relationship gg : 

in question depends G52 07 

on losses of lead and = gyg go pee 
uranium that oc- O44 Al 

curred in the past. Bul 

The time when these O56 


losses were taking Gi 
place may be calcu- 028 
lated graphically by G24 
extrapolation of the G20; 
straight line until it OIG 
intersects the curve Bie 
of the harmonized G08 
data. As was already J0%4 
pointed out, one of 
the points of inter- | 
section enables us to Fig,1. Bikita, Rhodesia, Africa; Manitoba, Canada} 
calculate the true | 
age of the mineral. 
The second point indi- | 
cates the time of the metamorphism for the given group of minerals. } 
Thus the time of the metamorphism is estimated at 980 x 10° years fom 
the Rhodesian monazites. If, however, the straight line passes through 
the origin of the coordinates, it means that the alteration of minerals } 
in the given group has taken place very recently indeed. Ec 
The relationship here indicated, however, may be observed only 
under the following strictly defined conditions: | 
1. There must be no separation of Pb*” from Pb**® during meta- ]| 
morphism. This thesis is supported by the experimental data of K. ; 
Zhirov et al. [18], who proved that the ratio of radiogenic Pb””’/Pb™ | 
remains constant, in the course of leaching lead from Koiti-Tundra | 
allanite, both in the original mineral and in the leachates. G. Tilton | 
et al. [19] also reported that the Pb”’/Pb* ratio remains constant in} 
their leaching experiments. | 
2. Effects of other factors must be insignificant. Examples of the | 
use of the calculations here discussed are presented diagrammatically 
in Figures 1 through 6. Let us now examine these diagrams. 
Figure 1 shows the results obtained for two specimens of uraninite 
and one of monazite from Manitoba, Canada [20], together with Ahrens} 
results for Rhodesian monazites. The points fall on a straight line, aS} 
may be readily seen. : 
We find from the intersections of the straight line with the curve Off 
the harmonized data, that the age of the minerals is 2600 x 10° years } 
and the time of their metamorphism is 900 x 10° years. One point on f 
the straight line and considerably above the curve of the harmonized | 
data represents the specimen of monazite. Its position in the graph — | 
may be explained partly by losses of uranium and partly by additions } 


G8 15 24 32 40 48 56 G4 12 80 88 96 194 42 ZOILBIZ6 Pb /U | 
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2560-10 Fears 


1 1 eS a ee ) a ee u 207 235 
B4 08 12 16 20 24 28 32 36 40 44 48 §2 56 6064 68 22 16 60 G4 Pb /V 


Fig. 2. Witwatersrand uranium ores (according to Louw). 


f radiogenic Pb™ and Pb” originating possibly in uraninites within 
1e very Same pegmatitic vein. One must assume that the alterations 
f the monazite here discussed were contemporaneous with the meta- 
10rphism of the uraninites, 900 x 10° years ago. 

Figure 2 shows the data for the uranium ores of Witwatersrand [6]. 
‘he bulk of the points, with the exception of three, falls on the straight 
ine. The line intersects the curve of the harmonized data at the point 
orresponding to 2380 x 10° years. This datum refers to the age of 
1€ Original uranium minerals which were subjected to the hydrother- 
ial alteration. The time of their metamorphism is estimated at 670 x 
0° years. The Pb*”/Pb?” ratio in the minerals at the time of their 
1etamorphism is calculated from the slope of the straight line and is 
yund to be 0.178. As we know from the results of Louw, the Pb””’/ 
b** ratio in two samples of galena from the same locality is 0.18 and 
.21 respectively and the origin of this galena is connected with the 
ietamorphism of 


1e uranium ores. ae a5 


ich a coincidence of b /U 

.e results obtained G44 
independent meth- adh y 

is sustains the re- 46 ne 
bility of the dia- Git Be se, 

‘ams here cons- G28 mA wees 

ucted. Ops WA ino Wears 


Some of the points 
ig. 2) lie above the 
rve of the harmon- 
ed data. These de- 
rtures from the 
1ear relationship 
ay be due, on one 
nd, to experimen- 
error (which is 
ite probable, if we 


. ; 235 
04 G8 12 46 00 04 28 J2 36 4044 485256 6000/8 


Fig. 3. Rappakivi from Ukraine; Gunnison District, 


Colorado. 
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consider the small amounts a 25 8 

uranium in the specimens: 0. Db 6 

to 0.3%*) and, on the other GIB 1060-10 Years 
hand, to impositions of other GI6\- 
processes. We cannot ex- onl 
clude the possibility of a loss 3 
of some uranium as well as Gar 


of lead. Losses of uranium B10, 
were taking place at a later 06; 
time than losses of lead. As et) 
may easily be visualized, the é 

points in the diagram should GO 


be situated above the straight Go2 
line and even above the curve i ee 
of the harmonized data, in case 04 G8 $2 46 20P> Oey 
of major losses of uranium. 

Figures 3 and 4 show three 
examples with the curves passing 
through the origin of the coordi- 
nates. This means that the alteration of the mineral is recent and 
possibly related to supergene processes. Such processes are also 
capable of causing severe disturbances of the ratios in the radioactive } 
minerals, as was demonstrated by I. E. Starik and his co-workers [28 

One should think that alterations of this sort took place also in min-} 
erals from the Slyudyanka District, Siberia [29], because no lead sul- } 
fide could be detected in these minerals even at highest magnifications, } 
of the order of magnitude of 1500X, in conjunction with the fact that the} 
age discrepancies for these minerals, as calculated from different 
ratios, are very great indeed. 

The diagram in Figure 5 representing the data for the radioactive 
minerals from Belomore and Karelia deserves our special attention. 
The results used in 
the construction of 


Fig. 4. Wilberforce minerals, Cardiff ]} 
Township, Ontario, Canada. 


this diagram are py ru 
shown separately in O56 f 6 
; G60 10° years 
Table 1. All of the G82. 3 
points, with one ex- Q26| 


ception, fall very 
well on the straight = 


line. The line was oe 
obtained by the Gib 
least square meth- Gie 
od. The true age G06 
of the minerals is O04 
1950 x 10° years, 


as calculated from G4.G5 12 16 20 Bh 28 42 36 40 44 40 42 56 GOP 
the intersection : : 
of the straight Fig. 5. Belomore. 
line with the 


*In the original: ‘0.1 - 3%; 0.1 to 0.3% is meant. VPS 
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Table 1 
Age, 10° years 
ineral Source Pb?07/ Sal Pb?°/ YU | Pb207/ y235 Authority 
Onazite |Chernaya Salma, Belomore 1800 1250 1450 K.K.Zhirov [25] 
Chkalov Mine, n 1710 1900 1800 A.A.Avzeiko [26] 
Alakurtti, 1920 2040 2020 K.K.Zhirov [25] 
Tedino Ozero (Lake), "' 1860 1220 1440 
arburan* | Tedino Ozero (Lake), " 1900 1480 1655 
Tedino Ozero (Lake), "' 1850 1250 1460 
Tedino Ozero (Lake), " 1770 1120 1340 
Tedino Ozero (Lake), "' 1810 850 1170 
raninite |Kamennaya Taibola, " 1870 1760 1800 1.E.Starik et al. [27] 
Chkalov Mine, * 1880 1660 1760 
Guba Lapsieva, 1800 1050 1300 
Guba Lapsieva, fs 1780 1150 1380 
Chernaya Salma, ie 1820 1680 1740 


\pparently uraniferous:asphaltite. EWH 


irve of the harmonized data. The error of calculation by the graphic 
iethod does not exceed + 50 x 10° years. The new datum exceeds the 
id by 150 x 10° years. The age of the metamorphism equals 300 x 10° 
ears. The Pb*”/Pb? ratio in the minerals 300 x 10° years ago, at 
ie time of their metamorphism, is 0.132, as calculated from the slope 
‘the straight line. As to the ratio of radiogenic Pb*”/Pb””™ in galena 
om the same district, which is 0.135 according to K. K. Zhirov and 
I. Zykov [14], it agrees very well with the ratio calculated by me. 
One of the points falls above the curve of the harmonized data. This 
int represents a sample of monazite. The discrepancy here observed 
ay be explained by a loss of uranium at a later time than the loss of 
ad, as was explained in the case of the Witwatersrand ores. 

Let us turnnowto a more complicated case; the uranium ores from the 
hhabaska Lake district in Canada. The data are shown diagrammatically 
Figure 6. As one may See, the points are withing a triangle which may 

‘due to twice repeated metamorphism of many of the samples. Let us 


pp 


036 
O32 go0:14 
G28 
O24 
20 
O16 
Ge. 
008 
Ol 


byear® 


De a eS SS a a ee ee) eet) 
Q4 U8 U2 46 20 84 28 32 36 40 44 48 52 §6 60 Pb /U 


Fig. 6. Saskatchewan, Alberta, Canada. 
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first draw a line only through the topmost points that lie closest to the 
curve of the harmonized data. Points representing samples subjected 
but once to the action of hydrothermal solutions will fall on this line. 
The alterations in question took place 1200 x 10° years ago, as shown 
by the calculations. Later on, most of the altered samples were meta 
morphosed for a second time. These twice-metamorphosed samples 
are situated on the straight lines intersecting the curve of the har- 
monized data only at one point. The age of the second metamorphism 
is estimated at 180 x 10° years. 

It should be noted here that Eckelman and Kulp [21] have already 
demonstrated that the Athabaska uranium ores were metamorphosed — 
twice, with the calculated age of the first and the second metamor- 
phosis at 1200 and 200 million years ago respectively, as was indi- 
cated by determinations involving additions of radiogenic Pb” and 
Pb?” to the test samples of galena and clausthalite from the district. 
Their results agree very well with my calculated data, and this is 
convincing proof of the reliability of diagrams constructed for this 
purpose. 

The foregoing examples have one characteristic feature in common 
their calculated age is: Pb”/Pb*° > Pb7"/U?* > Pb™°/U?*. Ac- 
cording to Eckelman and Kulp, the same relationship is observed in 
70% of all age determinations in minerals. In some samples, however 
the age relationship is: Pb7°/U?* > Pb*”"/U?® > Pb?"/Pbh?”. Such 
cases make it impossible to calculate the true age of minerals, be- 
cause of the scatter-patterns of the corresponding diagram. Such 
minerals were subjected apparently to far more intricate alterations | 
that cannot be taken into account at this time. These alterations may © 
have been accompanied by losses of large quantities of both uranium 
and lead, at different times. Monazites investigated by L. V. Komlev — 
and co-workers [22] belong to this category. According to Komley, | 
the most reliable age datum for such minerals is obtainable from the) 
Pb**8/Th?™ ratio. 

Table 2 is a summary of certain cases where it was possible to 
apply successfully the graphic method for the calculation of the true 
age. For the sake of comparison the table shows also some experi- — 
mental results believed to be the most reliable ones. The satisfactory 
agreement between the true age and the age calculated from the Pp” 
Pb” ratio is evident from the table. 

The discrepancies here do not exceed 50 to 80 million years. The 
discrepancies become appreciable, however, when one attempts a 
comparison between the age obtained from the Pb*”/U?™ and the 
Pb*”*/u?* ratios. These discrepancies, for example, are already | 
150 x 10° years for the Belomore uraninites and even 400 x 10° years | 
from the pitchblende from Witwatersrand. 

We should remark, in conclusion, that if the new age datum of 195 
x 10° years is accepted for the uraninites from Belomore, the curreml 


accepted figure for the constant for the K- capture of K®, in the USSR 
will have to be changed. 
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Table 2 
Determined Age, 10° | Time of metamor- 
Source age, 10% yrs. Method years phism, 10° years 
kita, Rhodesia, S.A. 2650 Pb2o7/pP ns 2700 980 
anitoba, Canada 2550 Pb?°7/ Pb? 2600 900 
jpakivi, Ukraine 1725 Pb?07/ Ph?6 1700 Not long ago 
mnison, Colorado, USA 1470 Pb?°7/ Pb? 1470 - = 
itwatersrand, Africa 2000 Pb?°6/U238 &] 2380 680 
Pb?7/ U235 

habaska, Saskatchewan, Canada 1900 Pb?°?/ Pb? 1950 1200 and 180 
ireliya, Belomore 1800 Pb??7/ U295 1950 300 
ilberforce, Canada 1100 Pb*°7/ Phe 1080 Not long ago 
ack Hills, USA 1610 Pb*?"/ pp* 1610 Not long ago 
yudyanka, Siberia 480 Pb?°7/ Ph? 500 Not long ago 
eat Bear Lake, Canada 1400 Pb”?/ Pp? 1480 500 


This is the consequence of the fact that the age datum of 1800 x 10° 
ars is being used now in the calculations of the K- capture constant 
r the radiogenic argon in micas. If, however, we take the true age of 
ese materials into account, the 1950 x 10° years, the resulting value 
ll be 5.4 x 10°** year’, differing by 10% from the older value but 
ly by 3% from the result obtained by the American investigators [24] 
10 also had made use of the geochemical method. 

Table 3 presents all of the basic data used by myself and by the 
nericans in calculations of the K-capture constant for K® as well as 
e results obtained by the calculations. The most reliable average 


Table 3 
| 
Age, 10° Calculated 
Sample and Source years |)Art®/K*°! Ax, yrs.7 
‘aninite; Portland, Connecticut 267 0.0158 5 Odea O meee ocd mae 
astonberry, Connecticut 255 0.0156 SCS KOS | Zee =e 
ruce-Pine, N. Carolina 375 0.0213 20) Oe ea Zeta 
anchville, Connecticut 367 0.0236 DEB 2) Xoo Ome Maen oan eee 
reliya, Belomore 1950 0.183 dO Oma 4a ot Ome 
Oggerite; Ukraine 2100 0.204 Bey eee) | Cirelee se 
Fas 


ure for the K-capture constant should be taken as 5.49 x 10°** year” 
irther investigations must be undertaken, in order to refine the K- 
pture constant for K*, by means of geochemical methods, with the 
1 of the most reliable data obtained by the lead method for uranium 


nerals. 


The following conclusions may be drawn here, by way of a summary 


the foregoing presentation: 
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1. The graphic method proposed by Ahrens and Wetherill makes it 
possible to calculate the true age of a mineral together with the age of 


its latest metamorphism. 
2. Their method is suited to cases in which the age, ti, is calcu- 


lated when Pb®"/Pb** > Pb*"/u*® > Ph**/uU*. 
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Abstract 


A systematic determination of the absolute geological age of the European 
part of the USSR and of Czechoslavakia according to glauconites of different age 
from the Sinian system to the Upper Eocene epoch, except for the Gothlandian 
and the Triassic systems, has been carried out. The determinations were made § 
out by the potassium-argon method (accuracy + 10%) on carefully separated 
monomineralic fractions of glauconites from sands, clays and limestones having } 
been altered by weathering (altogether 23 determinations). Some details of the 
method are described in the article. The character of argon separation from 
glauconite with dependence on temperature has been ascertained, which shows 
that argon begins to separate approximately at a temperature = 300°C, all the | 
argon being practically removed at t°= 500-600° C,(See Fig. 1). 


The absolute dating of sedimentary formations is essential inthe | 
solution of geologic problems of different kinds. So far, however, there 
have been no determinations of the absolute age of sedimentary rocks 
based on authigenic minerals (with the exception of sylvite, whose dis- 
tribution is very limited). 

Development of the argon method has made it possible to use glau- 
conite--an authigenic potassium mineral—in determinations of the abso: 
lute age. This opportunity had not been utilized, for all practical pur-— 
poses, and it was only in 1956 that the first data on the age of some 
glauconite specimens made their appearance in the literature (Wasser- 
burg, Hayden, and Jensen, [1]; Lipson, [2]). In the USSR, the age of © 
glauconites was determined at the Dagestan Branch of the Academy of — 
Sciences of the USSR by Kh. I. Amirkhanov, K. S. Magataev and S. B. : 
Brandt [3], and by the authors of the present report. Most of the re- 
sults obtained are in good agreement with the geologic data--evidence 
of a fairly satisfactory preservation of radiogenic argon in glauconites: 

It is possible even now, on the basis of published data, to appraise 
the high possibilities of the argon method in absolute dating of sedi- 
mentary rocks, with utilization of glauconites. It is necessary, however 
to undertake certain special studies in order to explain the series of 
cases in which the age data are abnormally high or abnormally low, to 
investigate experimentally the mobility of potassium and argon in 
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-rystal structures of glauconites, to investigate the mineralogy of 
slauconites in detail, together with the environments of formation of 
slauconite, in Pomnecion with the indicated possibility of using glau- 
onite as an indicator of geologic time. 

An approximate scale of the absolute geologic time [J. P. Marble, 
{| was compiled from the data obtained by the lead method for the 
adioactive and for the accessory minerals of magmatic origin. It is 
erfectly evident that estimations of the age of sedimentary rocks on 
he basis of their relationships to the intrusives is hindered by many 
obstacles on many occasions. For that reason, determinations of the 
ige of post- Precambrian sediments directly from the sedimentary 
uuthigenic minerals contained therein, particularly from glauconites 
vhich are so abundant in sediments, both in space and in time, are 
regnant with the possibilities of providing us with an absolute geo- 
+hronologic scale, especially since the relative age of sedimentary 
yodies of different type may be confirmed by their characteristic 
lora and fauna. 

The first attempts by the authors (1956), in determinations of the 
we of two glauconite specimens, proved to be a success and served 
iS incentives for more systematic studies of glauconites in regard to 
heir age, within a wide range of geologic time, from the Sinian to the 
Veogene. 

This work required collection of a great bulk of lithological mate- 
‘ial in the field. Some of these materials were collected personally 
yy one of the authors, and some of them were procured from various 
‘eologic and industrial agencies of the Union and of the countries of 
eople’s Democracies. The authors take this opportunity to express 
heir thanks to all persons and organizations who participated in the 
election of the reliably dated specimens of glauconite-bearing rocks 
nd who placed specimens from exploratory boreholes at our disposal* 


A BRIEF MINERALOGICAL-LITHOLOGICAL DESCRIPTION 
OF GLAUCONITES 


In relation to the studies of S. Hendricks and C. Ross [5], a unani- 
aous opinion has been gained by mineralogists and petrographers, to 
he effect that glauconite is a potassium-iron silicate of the mica 
roup. These authors, and also R. Grim [6], J. Gruner [7], K. 
mulikowski [8], M. F. Vikulova et al. [9], point out that glauconite is 

dioctahedral illite (hydromica) in which Al°* is largely replaced by 

‘e°* | Fe?*, and Mg?” and in which as much as 2/3 of the possible 
ositions are replaced in such manner. Consequently, the tetrahedral 
nd the octahedral lattices of glauconite are negatively charged and 


Lithologic-mineralogic treatments of the test materials were conducted at the 
Laboratory of Geochemistry of Sedimentary Rocks (GEOKHI, AN SSSR); the age 
jleterminations were made at the Laboratory of the Absolute Age (VSEGE]), 
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these charges are balanced by cations (Kn Na’, Ca" us between the 
layers. Thus the composition of glauconite is variable, with potassium || 
ranging from 1.5 to 8%. The general chemical ites: Be glauconite is | 
as follows: (K,Cap,s,Na),,(Al,Fe**,Fe**,Mg)2 (Si,Al, Fe*”)4O10(OH)2: x 
H,O, where ‘‘n’’ is generally smaller than 1. Glauconite is formed 
almost exclusively in marine sediments during their diagenesis in 
seas at ordinary salinity and has a significant dependence upon sea 
currents. 

Glauconite is weathered into clayey lumplets consisting of silicate- 
clay minerals, in the zone of ground water activity and on contact with 
atmospheric precipitates, according to L. N. Formozova [10]. It may — 
be stated confidently even now that, beginning with the late Precambri- 
an, there was scarcely a period in the history of the earth’s evolution 
which would not be represented by some kind of glauconite-bearing 
sedimentary rocks. 

Even in the concrete and specific example of the Russian Platform, 
glauconite is found in all sedimentary rocks of marine origin, from 
the Sinian to the Miocene. 

We have no data on the presence of glauconite for the Triassic sedi-} 
ments of the Russian Platform, although there are such data on record } 
for the Triassic sediments of Europe, America, and elsewhere, ac- 
cording to K. Hummel [11]. | 

Glauconite is found chiefly in sandy-salty rocks, although it is also } 
common in carbonate and clay rocks. Glauconite is especially abun- | 
dant in the platform sediments and also in the marginal troughs; itis © 
only rarely found in geosynclines, according to L. I. Gorbunova [12] 
L. N. Formozova [13], and E. K. Lazarenko [14]. 

In the vast majority of cases, glauconite is an authigenic mineral 
formed in the course of diagenesis and syngenetic with its host rock. 
Thus, the glauconite-forming stage is synchronous with the formation |} 
of the sedimentary rock itself, which is especially valuable in the geo- 
chronologic studies. 

As previously stated, the weathering processes affect only those of | 
the glauconite-bearing rocks that are within the zone of action of at- _ 
mospheric and ground waters. L. N. Formozova [10] showed that there § 
are significant changes in the chemical composition of glauconite only | 
in specimens taken directly below the soil mantle and to depths not | 
exceeding 1.3 meters below the surface of the sedimentary rock (de- | 
pending on the depth of penetration by the atmospheric waters). There | 
are no noticeable changes in alkalies below this depth, no changes in 
potassium, the element of special interest. The insignificant depths of } 
weathering of glauconitic rocks were indicated also by A. V. Kazakov | 
[15, 16], G. I. Bushinskii [17], and other authors. 1 

Glauconites are weathered in successive stages. Glauconite turns 
somewhat brown at first and then brown-green, so that the parts of the | 
mineral preserving their green color are most commonly in the cores | 
of the grains; in the final stage, glauconite turns into brown pseudo- 
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olitic grains (resembling ferruginous oolites) which spread out, in the 
nd, into shapeless ferruginous spots on the rock. 

The fairly high potassium content of glauconites, the wide distribu- 
ion of glauconites in sediments, their common syngenesis with sedi- 
nents, and the relative ease of visual appraisals of the state of their 
reservation, are the basic criteria that lead us to the belief that 
slauconite is a highly promising object for geochronologic studies. 


SEPARATION OF GLAUCONITIC SEDIMENTARY ROCKS 


Since glauconites are present in all fundamental lithologic types of 
sedimentary rocks (sands, silts, clays and carbonates), there must be 
ertain appropriate modifications in the procedures for its separation 
rom the sediments. While undertaking the isolation of glauconite, re- 
rardless of the composition of the rock, we must first find out which 
articular size fraction contains most of it, prior to separation of the 
ingle-mineral (glauconitic) fraction. 

Appraisals of the size of glauconitic grains are done under the 
nicroscope. If the rock is friable, its pelitic fraction is first elutri- 
ted with a small amount of water, and next the dry residue is exam- 
ned under a binocular lens. We endeavored to obtain for the analysis 
he purest fraction of the mineral, free from admixtures of terrigenic 
naterials containing potassium that would cause large distortions in 
he determined age. This problem was solved successfully for prac- 
ically every rock specimen employed in the present study. The sepa- 
ation of glauconite was performed by the procedure outlined on page 
8. 

The procedure we employed made it possible to isolate the single- 
Mineral glauconitic fraction, practically in every case, with only 2 to 
% foreign minerals, chiefly quartz. In separating glauconite from 
arbonate rocks the material was fragmented to a particle size some- 
yhat coarser than the glauconite grains; the carbonate was dissolved 
1 cold 3 to 5% HCl; after elutriation of the pelitic fraction and after 
rying of the residue the sample was subjected (if required) to electro- 
lagnetic separation. 

Some difficult samples (up to 6 or 10 grams) had to be subjected to 
ielectric separation [E. V. Rozhkova, 18], by the means of aqueous 
ioxane (distilled water; 1:9 to 1:12) or, more rarely, by nitrobenzol 
ith kerosene. The change in the ‘‘d.p.’’* was from 5.2 to 6.2 on the 
verage. 

Good yields of pure glauconitic fractions (up to 100 and 150 grams) 
ere obtained by the procedure here described. 


‘d.p.’’, in this connection, is obscure to the translator. VPS 
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Outline of Procedure for Separation of Glauconite 
from Sandy-Clayey Rocks 


Operation 
No. 


1 


Sequence of operations 


Basic prerequisites (in brief) 


Fragmentation of rock to the 
particle-size glauconite 


Screening through 0.1, 0.25, 
0.5 mm sieves and collec- 
tion of the desired fraction 


Elutriation by water, so as 
to remove the pelitic frac- 
tion, and drying at 60 to 
(Oe 

Examination of fractions 
under binocular lens 


Magnetic separation 


Electromagnetic separation 
(repeated 2 to 3 times) 


Purification from contami- 
nants by heavy-liquid 
separation 


Picking out contaminating 
particles by a needle under 
the binocular 


Done in procelain or iron mortar by 
vertical strokes of the pestle; rub- 

bing would deform glauconite crys- 
tals; chopper grinder may be used, 

with 2 mm slit. 


Glauconite is found most commonly 
in the <0.1, 0.1, and 0.25 mm fractiong 


Elutriation of clayey rocks is best 
on screens with openings 0.04 to 
0.05 mm diam. 


In order to ascertain absence of 
glauconitic clusters and mineralogic 
composition of the fractions. 


Removal of magnetic minerals 


We use a Single-pole wedge-shaped 
electromagnet, of Okunev’s design, 
at 100 to 80 mv voltage which is 
fairly effective for grains of quartz, 
feldspar, and other non-electromag- 
netic minerals. The repeated separ- | 
ation is done at 60 mv, with the 
resulting concentrate consisting of 
80 to 90% glauconite. 


The heavy fraction is isolated with 
the aid of bromoform or methylene 
iodide (sp. gr. 2.8 to 3.2); the heavy 
liquid is washed off and the mineral 
fraction is dried. 


Potassium in glauconites was determined by the dipicrylamine 


DETERMINATION OF POTASSIUM AND ARGON 
IN GLAUCONITES 


method which is generally employed for its determination in silicates | 


[G. A. Murina et al., 19]. Although the decomposition of glauconites 
was done by a mixture of hydrofluoric and sulfuric acids, the process 
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Table 1. The Absolute Age of Dated Glauconites 
T T 
? Free argon, tf Age, Geologic 
[tem Source %K |1077 g/g | Art K%° % of total Ar| million yrs} age Remarks 
1 Predkavkze’e; Umantzevo 
Borehole 59 5.31]0.135 | 0.0021 25 35 Peo - 

2 Kodor, Abkhaziya 6.99 | 0.254 0.0035 60 56 Pg? - 

3 Czechoslovakia 4.42 | 0.363 0.0068 21 110 Cree Impure 
when 
isolated 

4 Czechoslovakia 6.0 | 0.332 0.0043 10 70 Cree - 

Predkavkaz’e*; Vyselki 
Borehole 4.41 | 0.384 0.0072 19 114 cralb - 
6 N. Caucasus; Bolshaya 
Laba River 3.97 | 0.298 0.0058 26 95 Cr@lb Hydromicas 
7 N. Caucasus; Bolshaya present 
Laba River : 5.72 | 0.414 0.0061 20 98 crapt = 

8 Bukanskoe Deposit; 

Kaluga Area 5.78 | 0.317 0.0046 12 75 Cro Hydromicas 
present 

9 Baksan River, Caucasus [5.0 | 0.372 0.0074 9 115 Grant 

10 Ingur River, Georgia 
(Gruziya) 5.68 | 0.363 0.0053 15 85 crbr = 

11 Egor’evskoe Deposit; 

Moscow Area 5.23 | 0.503 0.0080 - 130 J,vlg - 

12 The Mouth of Vyatka 

River 5.68 /0.690 | 0.0101 15 160 pe é 

13 Varvarovskaya Borehole; 

Kuibyshev Area 5.24 | 0.955 0.015 12 230 Cys - 

[4 N. slope at Lebezhenki 

Village; Voronezh 6.78 | 1.68 0.0206 6 310 p,lvor - 

5 Maardu Deposit, Estonia 6.65 | 2.38 0.0300 - 435 oO, 

Maardu Deposit, Estonia 2.43 0.0303 12 440 O, - 

Maardu Deposit, Estonia 2.09 0.0295 9 430 oO, - 
6 Borehole R2, Kupa Vil- 

lage, BSSR (Belorussia) 5.35 | 1.87 0.0260 4 385 Cm, - 
7 Borehole R2, Kupa Vil- 

lage, BSSR (Belorussia) 5.83 | 3.00 0.0426 1.5 592 Cm, = 

8 Lipyagi Village; Borehole 

Rl 5.84 | 2.68 0.0382 7 540 Cm, - 

9 Serdobskaya Borehole R2; 

1380 m. depth 5.33 | 2.56 0.0402 37 560 Cm, - 

0 Serdobskaya Borehole R2; 

1787 m. depth 6.12 | 3.76 0.0515 3 690 Sn, - 

| Serdobskaya Borehole R2; 

: 1787 m. depth 6.12 | 3.70 0.0503 - 680 Sn, = 

1 Serdobskaya Borehole R2; 

1758 m. depth 4.90 | 2.95 0.0505 6 685 Sn, 

Drillcore 18; Minyar Lake, 
Ural 5.90 | 5.43 0.0675 2 865 Sn - 
ae aly 

“Predkavkaz’e’’, ‘the fore-Caucasus’’, is the territory bordering on the great Caucasus in the north. VPS 


That is, % of total argon in the sample; the rest of the argon is in the adsorbed state. In the original this 
column is headed ‘‘% A in air’’. 


VPS 
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was accompanied by certain difficulties. The results in Table 1 show 
percentages of potassium in glauconites of about the same degree of | 
purity. They show that the potassium content of glauconites is variab el 
and that the range of its variation in our samples is from 3.97 to 6.99%, 
i.e., nearly a two-fold variation. 

There were appreciable difficulties in the determination of radio- 
genic argon in glauconites, and the common isolation procedure for 
argon (by warming and fusion of the mineral in vacuo) proved to be 
worthless. 

Glauconites are generally present in rocks in a finely dispersed 
state (in the < 0.25 mm fraction). This makes it very inconvenient, 
even in the very first stage of the analysis, to collect the adsorbed 
gaseous argon in vacuo. Fine and light-weight particles of the mineral} 
‘fly’? into the apparatus despite the most careful pumping. We found 
it possible to avoid this by inserting a quartz-wool plug into the quart 
test tube containing the mineral. The plug was placed above the zone 
to which the heat was applied. Particles of glauconite intercepted by 
the plug were shaken down by a gentle tapping on the walls of the test 
tube. 

The difficulties arising in the heating of glauconite were more 
serious. Glauconite contains appreciable quantities of both adsorbed 
and constitutional water which is separated from the mineral respec- | 
tively at 100° and at 500°C [L. I. Tsvetkov and E. P. Valyashikhina, 20] 
As the water vapor passes into the vacuum, it drags along some par- } 
ticles of glauconite to the walls of the quartz test tube considerably 
above the zone to which the heat is applied. 

After several unsuccessful trials, we became convinced that the 
standard procedure is by no means a guarantee of satisfactory results 
We gave it up, for that reason, and decided to heat glauconite not in ~ 
vacuo but in the atmosphere of carbon dioxide. The pressure inside } 
the quartz tube was maintained at about 0.75 to 1 atm. Depending on } 
the heating of glauconite, and the corresponding increase in pressure, } 
due to the liberated water vapor and other gases, the pressure inside } 
the tube reduced to its original level by a partial freezing-out of watel 
vapor and of carbon dioxide in a trap which was cooled by liquid oxy- 
gen. The pressure was controlled by a manometer and was equalized 
several times during the experiment, to the point of cessation of the J 
escape of the water vapor, whereupon all of the carbon dioxide and the§ 
water vapor were frozen out in the trap and the subsequent purificatio : 
of argon from chemically inert gases could be carried out by the com 
mon procedure [E. K. Gerling and T. G. Pavlova, 21; E. K. Gerling, 
M. L. Yashchenko, et al., 22]. Measurements of the isolated argon 
were made with the aid of the McLeod manometer and its isotopic 
composition was determined in the MS-2M mass spectrometer. 

Heating glauconite in the CO, atmosphere assured the isolation of 
argon, without any fear that a part of the sample would be expelled 
with the water vapor, which made it much easier for us to conduct t 
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periments. The determination of argon 60 glauconite 
is made in the apparatus described by V. D. 
rintzson and N. I. Chernova [23], with the 
rticipation of V. D. Sprintzson. The iso- 
pic analysis of argon was made by A. V. 
attes. 

In order to learn of the character of sep- 
ation of argon from glauconite, in relation 
the temperature, we made an experiment 
volving measurements of the amounts of 
gon parted from glauconite at different 
mperatures. The experimental tempera- 
re range was from room temperature to 
0°C, at 100°C-increments, and the evolu- 
mn of argon was made complete at any Hig <1: 
ven and pre-determined tempera- 
re. The results of this experi- 
ent, conducted by G. A. Murina, 

e shown in Figure 1, where the 
Scissa represents the tempera- 

ce and the ordinate represents 

r cent argon separated from glau- 
nite at the indicated temperature 
3of total argonpresent in the sam- 
>). Figure 2 is a thermogram of 
iuconite. It isevident from Fig- Figs 2. 

es 1 and 2 that the expulsion of the 

sorbed water (at about 100°C) does 

cause any liberation of argon; the latter begins at about 300°C. In 
ictice, the complete liberation of argon takes place during dehydra- 
n of glauconite (500 to 650°C), i.e., during disruption of its crystal 
tice, and there is no further evolution of argon on further ignition. 
Consequently, in our determinations of argon, we did not try com- 
tely to fuse glauconite (at ca. 1250°C) and did not go over 800 to 

°C with the ignition. 

The age was calculated with the aid of the following constants of 
radioactive decay of potassium: Ay= 6.02 x 10°" year™'; Xg= 4.9 x 


| -1 
year’. 
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RESULTS BY THE ARGON METHOD FOR 
DATED GLAUCONITES 


We examined 22 samples of glauconite isolated from sedimentary 
ies with reliable biostratigraphic dating. Geographical orientation 
he samples, their exact position in the stratigraphic sections, and 
paleontologic premises of their dating are given below. 

1. Glauconite from sandstone. Umantsevo Borehole No. 59, Pred- 
kaz’e. Upper Paleogene, Kiev Tier. 310 to 327 m. depth. 


382 KAZAKOV AND POLEVAYA 


2. Glauconite from limestone with Protocardium Edwardsi Desh, 
var. orientalis v.n., Spondylus sp., Area sp., Dentalium sp., etc. 
Kodor River, Abkhaziya. Tops of the Lower Paleogene. 

3. Glauconite from sandstone. Czechoslovakia, Melnik District, 
Koshatki settlement, Praga Area. Bottom of the Upper Cretaceous 
(Cenomanian). 

4. Glauconite from sandstone. Czechoslovakia, Koberzhik Bore- 
hole, 76 to 77 m. horizon. Bottom of the Upper Cretaceous (Cenoma- 
nian). 

5. Glauconite from clayey sandstones. Predkavkaz’e. The Vyselki 
orientation borehole. Lower Cretaceous (Upper Alb). 

6. Glauconite from clayey aleurolites. Northern Caucasus, Bol- 
shaya Laba River, Skryleeva Balka. Lower Cretaceous (Missle Alb). 

7. Glauconite from clayey sandstones. Northern Caucasus, Bol- 
shaya Laba River, Skryleeva Balka. Lower Cretaceous (Upper Apt). 

8. Glauconite from sands. Bukanskoe Deposit, Kaluga Area. 
Upper Cretaceous (Cenomanian). 

9. Glauconite from silts. Caucasus, Baksan River, Gundelen. 
Lower Cretaceous (Apt). 

10. Glauconite from limestones. Georgia (Gruziya), Ingur River, 
Lower Cretaceous (Barrem). 

11. Glauconite from clayey sands. Moscow Area, Egorevskoe De- 
posit; horizon under the phosphorites; Oxynoticeras fulgens fauna. 
Upper Jurassic (Volga Tier). 

12. Glauconite from organogenic limestones. The mouth of Vyatka 
River, outcrop at Sokolki Village. Upper Permian (Kazan Tier). 

13. Glauconite from silty marls. Kuibyshev Area, Varvarovskii 
Plot Borehole; 840.9 to 847.9 m. depth. Middle Carboniferous (Vereya | 
Tier). 

14. Glauconite from sandstones. Voronezh Massif, north of Novyi 
Oskol, Lezhenki Village; Borehole 38, 118.5 to 118.7 m. horizon. 
Upper Devonian (Voronezh Layers). 

15. Glauconite from sandstones with Orthis recta Paud. Megalaspis 
leuchtenbergi Lam. etc. fauna. Estonian SSR, Maardu Deposit; Mine; 
Shaft 5. 

16. Glauconite from limestones. Belorussian SSR, Kupa Station; 
Borehole R-2; 257 m. depth. Lower Cambrian. 

17. Same as above; 2nd sample; 252 to 257 m. depth. 

18. Glauconite from sandstones. Lipyagi Village, Borehole R-1; 
1429.9 m. depth. Lower Cambrian, Valdai Complex, Lyaminarite 
Suite. 


19. Glauconite from sandstones with relicts of pollen. Palaeopiro- |} 


saceus atavus Naum, Paleopirosaceus Poroscus Naum, Phosphosphaeve 
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laminarita Naum. The Serdobsk Orientation Borehole R-2; 1380 m. 
depth. Lower Cambrian, Valdai Complex, Lyaminarita Suite. 

20. Glauconite from sandstones with relict pollen; Brochosaccus 
intiqus Naum, Phosphosphaera notata Naum. The Serdobsk Orientation 
Borehole R-2; 1787 m. depth. Upper Sinian, Inser Suite, Serdobsk 
Series. 

21. Glauconite from sandstones. The Serdobsk Orientation Bore- 
n0le R-2; 1758 m. depth. Upper Sinian, Inser Suite, Serdobsk Series. 

22. Glauconite from sandstones. Ural, Minyar Lake; drillcore 18. 
Sinian, Inser Suite. 

The age of glauconites here described varies within a wide range, 
irom upper Paleogene to Sinian, and offering us the opportunity to test 
che argon method against these glauconites of such a markedly differ- 
ont age. The results are presented in Table 2. 

The results in Table 2 show that radiogenic argon is preserved in 
slauconites for long periods of geologic time. The apparently too high 
age of Nos. 3, 5, and 9 is conspicuous. This should not be surprising, 
10Wever, Since they are the very samples that are the least pure be- 
cause of the terrigenic hydromicas (Nos. 5 and 9) and feldspars (No. 3) 
shat could not be eliminated in the separation of these glauconites. 
Supplementary test materials from these three sampling sites are now 
ivailable, and particular care is to be given to their purification, so 
is to eliminate completely the admixtures interfering with the 
unalyses. 

The low age of glauconite No. 16, from the R-2 borehole, is some- 
vhat surprising. The ‘‘rejuvenation’’ amounts to nearly two hundred 
nillion years, in this particular case. The characteristics of this 
sample are as follows: the glauconitic grains are of ordinary size 
0.2 to 0.1 mm) but are noticeably bleached. During the isolation of 
he single-mineral fraction, the glauconitic grains vanished in the 
slutriation; they were apparently peptized and the glauconite passed 
nto the most highly dispersed pelitic fraction. It is possible that 
ome argon was lost in the process. Argon was much better pre- 
‘erved in the second sample from the same borehole and the corres- 
ionding age figure for the sample was entirely satisfactory. 

As is evident from the table, the age results for glauconites in the 
ame age-group (Lower Cretaceous, Cambrian, Sinian) are practically 
ne same, within the + 10% error of the analysis. The age results for 
e ancient glauconites are especially interesting because they are the 
rst ones of the kind and because they demonstrate the possibility of 
e absolute dating of ancient sediments. 

We attempted, in Table 2, a comparison of our results with all 
ther available data on the absolute age of glauconites and with the 
pproximate geologic timescale of T. P. Marble [4]. Because the 
merican investigators do not use the same constant for the K- 
ecay K*° as is now in use in the Soviet Union, we recalculated all our 
esults and the results of Kh. I. Amirkhanov et al. on the basis of the 
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lauconites, and the approximate geologic time scale, notwithstanding 
ertain departures in either direction. Beginning with the Devonian, 
Owever, and lower still, there is a tendency toward greater age for 
1e glauconites as against the age for the geologic time scale. Al- 
10ugh the analyses here reported are not yet sufficient for a time 
cale based on glauconites and a much larger body of reliable experi- 
1ental data is required for the purpose, the high promise of glaucon- 
es in the absolute dating of sedimentary geologic formations is 
erfectly evident. 

The authors realize that their work here reported is only the be- 
inning of a far more difficult and painstaking endeavor, rewarding 
evertheless: preparation of the absolute scale for the post-Pre- 
ambrian geologic formations. 

An extensive use of glauconites in the determinations of the age of 
ediments may begin only after a whole series of methodical investi- 
ations, particularly after an inquiry into the role of cation exchange 
nd of sorption processes in the preservation of argon and potassium 
1 glauconites. It is not clear even now to what extent is the Ar/K 
atio affected by the heavy liquids and the acid employed in the isola- 
on of the single-mineral fractions and to what extent this ratio may 
e influenced by the degree of fragmentation of the sample. Only after 

solution of these problems will it be possible for us to consider the 
uitability of different kinds of glauconites for determinations of their 
ce, 

We may Say with confidence even at this time, however, that the 
tilization of glauconites as test materials in determinations of the 
bsolute geologic age opens the possibilities of solution of some major 
eologic problems with the aid of the argon method. These problems 
re as follows: 

1. Comparisons between the absolute age of sedimentary rocks 
ith their relative geologic age, inasmuch as many sedimentary for- 
lations are well dated biostratigraphically. 

2. Correlations of ancient sediments that cannot be characterized 
y their fauna over extensive areas. 

3. Procurement of more reliable data on the duration of the evolu- 
on of fossil forms of different kinds. 

4. Appraisal of the rates of sedimentation in different tectonic 
mnes of the earth’s crust. 

5. Determination of the absolute age of some sedimentary ore de- 
sits of iron, manganese, phosphate, and others. 

6. The possibility of differentiation of the Upper Precambrian and 
‘narrowing the hiatus between the dated Lower Paleozoic and the 
roterozoic (the hiatus is 520 to 1000 million years). 

In such connections, we came to believe that work with the utiliza- 
on of glauconites and of certain other authigenic minerals in the age 
terminations by the argon method, together with special studies of 
e preservation of radiogenic argon in glauconites, is absolutely 
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indispensable. A large number of glauconite specimens of different 
age is now at our disposal and the determinations of their age are 
being continued. 

The authors wish to express their thanks to Academician A. P. 
Vinogradov, and to A. B. Ronov, Doctor of Geologic Sciences, for 
their interest and for the opportunity of the present research. 
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Abstract 


Under conditions of high concentration of strong bases and acids complex 
compounds are the most probable form of existence in aqueous and supercritical 
solutions for rare elements that are typical amphoteres (Be, Nb, Ta, Zr, Hf, 
etc.) or very weak bases (Sc, TR, etc.). In such solutions F, Cl, CO3, POs, etc., 
may be added. The disintegration of rare-metal complexes and the formation of} 
solid phases may be chiefly caused by two factors: 1) reaction of dissociated | 
ions of the rare-element complex with solution components, 2) hydrolysis of 
the complex in the process of pH increase in the solution. On the basis of the 
law of mass action it has been shown that in these processes a regular separa- | 
tion even of elements with similar properties must occur, the complexes of i 
which show different stability. At the same time elements differing by their 
chemical properties, the acidocomplexes of which show a similar stability, may 
precipitate into the solid phase practically simultaneously. The change of pH is | 
considered as an important and continuously acting factor of rare-element con- 
centration. 

The behavior of rare elements with similar properties, the complexes of 
which are of different stability, is shown on examples of separating niobium and } 
tantalum, rare earths of the cerium and yttrium groups etc., in the process of 
pegmatite formation. At the same time the closest paragenesis of Be, Nb and 
Zr in granite pegmatites of Nb and Zr in albitized alkaline and acid rocks ete. 


is considered from the point of view of similar stability of their complex com- 
pounds. 


Forms of transfers of elements in post-magmatic solutions are 
among the most interesting problems in modern geochemistry. A 
solution of these problems would enable us not only to predict the 
characteristic behavior of the elements in question in geologic and 
geochemical environments of this kind, but also provide us with objec- 
tive criteria for appraisals of the state and composition of mineral- 
forming solutions in different stages of the post-magmatic process. 

The major role of complexes in transfers and deposition of chemi- 1 
cal elements in the supergene zone was examined in detail by V. Va 
Shcherbina, using as examples certain chalcophile elements, gold, 
uranium, and titanium [9]. He also pointed out the probability of the 
participation of complexes in the transfers of a number of elements i 
the endogenic formation of minerals [10]. The latter observation is 
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specially applicable to the majority of the rare elements, namely, to 
1€ typically amphoteric ones (Be, Zr, Hf, Nb, Ta, etc.) and to the very 
eak bases (Sc, rare earths, etc.) showing a measure of the capacity 

) form complexes. 

Complex compounds (‘‘acidocomplexes’’) are the most probable 
rms of these elements, both in aqueous and in super-critical solu- 
ons in the presence of high concentrations of strong bases and acids. 
epending on composition of the solutions, the addenda in such com- 
lexes may be fluorine, chlorine, CO3;, HCO;, as well as other anions 
r anion groups, particularly the phosphates. 

We must remark that the analysis of paragenetic associations of 
linerals in deposits of the rare elements in question, as well as the 
ata On gaseous-liquid inclusions in minerals of the rare metals and in 
le accessory minerals, with certain minor exceptions, permits us to 
egard the accumulations of the rare elements in the deposits as due 
) the action of mineral-forming solutions enriched in the alkalies 
shiefly Na) and characterized also by their relatively high activity of 
falacids (F_, C17, CO? , HCO3). 

Unfortunately, very little is known about complexes of the rare ele- 
ents. Their relatively high solubilities nevertheless enable us to 
rm the opinion that they are mobile substances capable of easy mi- 
ration [8, 11, 12]. It is also known that all of the rare metal com- 
exes are stable only in certain narrow ranges of alkalinity of the 
plutions. This latter limitation is very important in the geochemistry 
‘the rare elements and is indeed responsible for the origin, migra- 
on, and decomposition of their complexes during the evolution of 
ineral-forming solutions. 

It should be reasonable here to discuss certain propositions derived 
om the Mass Action Law, so as to clarify our concepts concerning 
e mobilities of the complexes of rare elements in the regularly 
volving acid-alkaline environments of mineral-forming solutions. As 
e know, the stability of a complex is generally defined by its ‘‘in- 
ability constant’’ (K,) which is expressed conventionally by the 
yuation (M)(A)"/(MA,) = K,, where (MA,) is the concentration of 
e complex ions in the solution, (M) is the concentration of the dis- 
ciated cations (in our case, Be, Ta, Nb, etc.), and (A)? is the con- 
sntration of the dissociated anions comprising the addendum. 

Assuming invariability of the constant K,, an increase in the con- 
ntration of the addendum ions in the solution will result in an in- 
ease in the stability of the complex, while depressing the concentra- 
yn of the dissociated cations of the complex-forming metal. The 
ost favorable environment, therefore, for formation of rare metal 
mplexes in hydrothermal solutions is the environment with high con- 
trations of anionic addenda (F, Cl°, CO; , HCO;, etc.). 

A lowering of the concentrations of the anionic addenda in the solu- 
yn will lead conversely to a decomposition of the MA, complex and 
a parallel increase in the concentration of the dissociated metallic 
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cations (M). Also, a decrease in the concentration of the dissociated | 
cations of the complex-former (M) will be conducive to a decomposi- |} 
tion of the complex, provided (A)" remains constant. 

Thus the decomposition of complexes of the rare elements during || 
the evolution of mineral-forming solutions, upon which the possibility 
of a separation of the metallic complex-former into the solid phase de 
pends, is determined mainly by the following two factors: a) A reaction 
between the dissociated ions of the rare element’s ‘‘acido-complex’”’ 
and some other constituent of the solution, resulting in the formation 0 
an insoluble compound; b) Hydrolysis of the complex at increasing pH 
of the solution. 

Formation of insoluble products by a reaction between certain con- 
stituents of the solution and the dissociated cations of the MA, ‘“‘acidoy 
complex’’ is possible, if the concentration of the dissociated cations 
exceeds the critical level, which is dependent on the solubility-product 
(SP) of the sparingly soluble compound (mineral). Thus the possibility] 
of a separation from the solution of this or that rare-metal mineral is} 
determined by the concentration of the dissociated ions of the rare 
element in question, i.e., by the instability constant of its complex. 

As an illustration, let us consider the simplest case involvinga | 
formation of a sparingly soluble phosphate of a trivalent cation M, as‘ 
the result of a decomposition of the MA, ‘‘acidocomplex’’: 


MA, + POi7 == Mw" anal? + POs iSeIMPO? See 


The rate of the forward reaction, in the formation of the phosphate, 
equals: Vag = Kpyq (M)- (A): (POs), where Kpygq is the rate 


constant of the forward reaction. If (PO,4) is constant, the rate of the 
reaction will depend entirely on the product (M)- (A)", or, making use} 
of the instability constant, on the product K,- (MA,). | 

Equilibrium for the given reaction occurs upon equalization of the | 
rates of the forward and reverse reactions, Vpwg = VRevy> i-€-, when | 


Kpwq (Ml) > (A)™- (PO4) = Kpoy (MPOx)- (A)? q 
However, the (M)- (PO.z) in the foregoing equation is the solubility | 
product, SP\po,? for the sparingly soluble phosphate MPO,. In | 


other words, equilibrium is determined entirely by the magnitude of . 
SPMPO,' An increase in (M) causes an immediate shift of the equi- | 


librium to the right and the consequent precipitation of MPO.. From i 
the relationship between the rate of the forward reaction and the in- _ 
stability constant, Vpwg = Kpwg (M)- (A)?- (POs) = Kpyg X Ky (MAgl 
- (P04), it follows that, in the presence of equal concentrations of the 

acidocomplexes’’ of several elements in the solution yielding spar- | 
ingly soluble compounds with any one of the solutes, there must be a | 
precipitation of the element whose ‘‘acidocomplex’’ is characterized | 
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7 the highest instability constant.* At the same time, the element 
rming a stable complex characterized by the lowest instability con- 
ant will remain in solution the longest. 

Thus the ratio of the elements, M/Me, passing into the solid phase 

any successive stage of the process is determined by the ratio of 
€ concentrations of their dissociated cations in the solution, (M)/(Me). 
1is latter ratio, in turn, depends on the instability constants and on 
e concentrations of the acidocomplexes MA,, and MeA,, i.e., isa 
nction of the K, (MA,)/ K,, (MeA,,). In such a manner, during frac- 
nal crystallization, there may be separations even of very similar 
ements whose complexes differ from one another in their stabilities. 

A very characteristic example of such fractionation is the passage 
the rare earths into the solid phase in the process of formation of 
anite pegmatites. It is evident from the studies of the sequence in 
lich the rare earths minerals are formed in pegmatites that the 
rium group passes into the solid phase (monazite, orthite) chiefly in 
e relatively early stages of the pegmatitization, whereas the essen- 
uly yttrium group minerals in pegmatites are generally crystallized 
the late stages of the process. 

In the presence of sufficient PO; in the melt, all of the rare earths 
come fixed in monazite and xenotime, whereupon the over-all ratio 
Y)/Z (Ce) increases regularly during the process. E. Ingerson’s 
ta on distribution of the rare earths in two pegmatites from Minas 
srais, Brazil, containing monazite and xenotime, are especially in- 
resting [5]. These pegmatites, from their earliest to their latest 
nes (in this particular case, from the ‘‘sahlbands”’ to the core of the 
gmatitic body), show progressively increasing ratios of xenotime to 
onazite as well as trends in the composition of the monazite itself, 

expressed in the enrichment of the later varieties of this mineral 
‘the less basic members of the rare earths group (Nd, Sm, Gd, Y) 
d by thorium, as against the more basic La, Ce, and Pr. 

This very definite enrichment of the residual fraction of the peg- 
utitic melt-solution by the yttrium rare earths is explained by E. 
yerson as being due to the greater stability of the complex compounds 
rmed by the less basic rare earths of the yttrium sub-group and by 
rium, as against the lesser stability of the complexes formed by the 
rium sub-group. There is also a suggestion to the effect that the 
latively mobile carbonate complexes of the rare earths may take 
rt in the pegmatization. 

Analogous results on the sequence of the rare earths separations 
re obtained by A. P. Kalita [6] for the southwestern and the north- 
stern Karelian pegmatites. The earliest rare-earths minerals in 
se pegmatites are represented by monazite and orthite, both of 
2m poor in the yttrium group, whereas the later stages of the 


-ovided that the solubility products of all of the possible precipitates are ap- 
‘oximately equal. 
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pegmatitic process are characterized by complex oxides of tantalum 
and niobium, of the types of euxenite, blomstrandite (probably betafite) 
and obruchevite (yttrian pyrochlore). A. P. Kalita presents convincing 
evidence of a genetic relationship between formation of the rare-earth} 
minerals and the metasomatic phenomena taking place in the develop- 
ment of pegmatites. In this case, the fractionation of the rare earths, 
depending on their basicity, is even more complete than in the case 
described by E. Ingerson. In the case described by Kalita, the precipi 
tation of the rare earths in the solid phase is not merely the result of || 
a fixation of the dissociated cations by the anion PO; since the con- | 
centration of this anion proved to be adequate only for the fixation of a 
part of the cerium rare earths during the relatively early stages of the) 
replacement. As a result, the yttrium rare earths are sorted, in these 
pegmatites, as complex oxide minerals, together with niobium, tanta- 
lum, titanium, uranium, during the later metasomatic stages, by the 
hydrolysis of their mobile complexes. 

Taking into consideration the common tendency toward increasingly} 
higher alkalinity of mineral-forming solutions in the course of the 
high-temperature metasomatic processes characteristic of accumula- 
tions of the rare elements, the relationship between the instability 
constant of the complex and variations in alkalinity of the solution be- 
comes the subject of considerable interest in our explanation of the 
behavior of complex compounds in such environments. 

As an example, let us consider the typical pattern of interaction 
between complex and hydroxide as exemplified by the reaction between! 
sodium fluorberyllate and alkali: 


¢ 


2Na* + BeF,? + 20H” == Be(OH), + 4F + 2Na’. 


The pH levels (7.5 to 8.0) at which the precipitation of beryllium 
hydroxide takes place, i.e., the transfer of beryllium to the solid phase 
were determined experimentally [7]. 


Discarding sodium from both sides of the equation, we may re-write} 
the equation in its generalized form: 


MA, + mOH == M(OH),, + nA* 


From the Mass Action Law, the rates of the forward and the re- 
verse reactions will be: 


=, m 
Vewd = Kpwq(MA,) - (OH) ; 


Vrev = Kpey (M(OH),,,) - (A), 


where Krwad and KRey are the rates of the forward and the reverse ~ 
reactions respectively. . 

It follows from the equations that the rate of decomposition of the 
complex and the rate of formation of the Sparingly soluble compound, ~ 
M(OH),, increases markedly with increasing concentration of OH’. 
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‘he rate of the reaction conducive to the formation of the MAy com - 


lex, on the contrary, depends significantly on the concentration of the 
Cidic anion (A). At chemical equilibrium, 


Vrwd= VRey OF Kpywg(MA;)- (OH)™ = Kpey(M(OH),,)° (A)® ; 


ence: 
(A)" - (M(OH) m) 


(MA,) = Krey/KFwa * one 


rom the equation: 


M): (A, n : ° n * 
ala 7 0 See 
y substitution: 
_ Kpwa (OH)™ - (M) - (A1)” 
n KRey (A)” + (M(OH),,,) 


It follows from the equation so obtained that the stability of the 
omplex, in environments of varying alkalinity of the solution, is 
irectly proportional to the concentration of the ions of the addendum 
ad inversely proportional to the concentration of OH™ and to the rate 
ynstant for the hydrolysis of the complex. Relationships between 
ese magnitudes serve to determine accordingly the conditions under 
hich the rare-metal complexes are decomposed in mineral-forming 
jlutions when their alkalinity is increasing progressively. The re- 
tionship between stability of the complex and the solubility of the 
-oducts of its hydrolysis is also a factor of cardinal importance, 
asmuch as formation of insoluble products of the hydrolysis leads to 
rapid decomposition of the complex and to a rapid passage of the 
itire ‘‘M’’ quantity into the solid phase. 

Thus variations in the pH which control hydrolysis of the rare- 
etal complexes and the transfers of the rare metals into the solid 
ase, in environments with progressively increasing alkalinity of the 
ineral-forming solutions, constitute a major and a continuously 
erative variable in the accumulations of the rare metals into 
posits. 

This latter factor is very clearly manifested in several deposits of 
e rare elements associated with replacement phenomena in which 
ere are accumulations of rare-metal minerals within the boundaries 
an advancing metasomatic front with its characteristically abrupt 
riations in alkalinity of the mineral-forming solutions. Such phe- 
mena are common in the case of beryllium, niobium, tantalum, and 
e rare earths in pegmatites as well as of beryllium in greisen 
posits [3], etc. 


41), as distinct from (A), is the concentration of the ions of the addendum dis- 
ociated as the result of the decomposition of MAy in ordinary solutions. 
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The passage of the element into the solid phase should be deter- 
mined in such circumstances entirely by the stability of its acidocom- 
plex with respect to hydrolysis. As the result, depending on the in- 
creasing alkalinity of the solution, here too there may be a sorting of 
chemical elements whose chemical properties are very similar but 
whose acidocomplexes differ from each other in their stability. Con- 
currently, there may be a practically simultaneous passage into the 
solid phase of some chemically different elements whose acidocom- 
plexes have about the same degree of stability. This thesis has an 
excellent illustration in the very close paragenesis between the early 
generation of beryl, columbite, and cyrtolite (Be, Nb, Zr) in granite 
pegmatites, of columbite and zircon (Nb, Zr) in albitized granite- 
porphyries, etc. 

On the other hand, the well-known parting of such exceptionally 
similar, chemically, elements as niobium and tantalum or the cerium | 
and the yttrium groups of the rare earths or, to some extent, of zir- 
conium and hafnium, etc., in mineral-forming processes, may be 
explained most plausibly by differences in the properties of their 
complex compounds. 

Thus complex compounds of tantalum and niobium possess differen 
degrees of stability with respect to hydrolysis, whereas the differenceg 
between their solubilities are barely perceptible. Specifically the 
characteristic difference between the fluorides of these metals lies in 
the nearly quantitative decomposition of NbF; by solutions of alkalies, | 
whereas TaFs; yields oxyfluortantalates under the same conditions [8]. 
This behavior may account, to some extent, for the separation of . 
niobium and tantalum in the granite-pegmatitic process, in consequence 
of increasing alkalinity of the mineral-forming solutions during the — 
progress of the sodium metasomatism (albitization). It should be addet 
that the procedure for separating these two very similar elements in — 
practice is based on the unlike solubilities of potassium fluorniobate | 
and fluortantalate. 

The noticeable differences in both stability and solubility of the 
acidocomplexes of zirconium and of the more basic hafnium may be ¢ 

| 


real cause of the observed increase in the Zr/Hf ratio in zircons from 
albitized pegmatites and from some metasomatic deposits belonging 0| 
late stages of the process. As we know, fluorhafnium complexes are 
somewhat less stable than their fluorzirconium analogs and their solu- 
bilities are also not quite the same. The only practical method of 
separating zirconium from hafnium is based on the solubility difference 
between K2Zr Fg and KeKfF,. 

Differences in the stabilities of various complexes of the rare 
earths have already been discussed. Carbonate complexes of the raré 
earths, whose stability in water increases from (La(COs;))* to | 
(Lu(CO;))* , are the best known ones in this respect. This is in agreeq 
ment with the opinion of E. Ingerson [5] who explains the accumula- 
tions of the least basic lanthanides and yttrium during the late stages 
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pegmatization by the greater stability of their complexes, as against 
e complexes of the more basic members of the group. 

Presupposing the possibility of transfer of rare metals in the form 
complex compounds in solutions, we must take into consideration the 
multaneous presence of different acidic anions in such solutions dur- 
g the mineral-forming stages here visualized, with the implication 
at such anions may play the role of the addenda. Under these condi- 
ms, we may assume simultaneous presence of several acidocom- 
exes of one and the same element in the mineral-forming solutions. 
ms F , Cl’, HCO;, CO: , and CO, are present invariably in the 
Beous-liquid inclusions of beryl crystals belonging to different gen- 
ations, as shown by analyses. Moreover, carbonic acid is enriched 
inclusions in the youngest beryl of peematites (crystals in vugs), as 
11 as in beryl (emerald) from low-temperature carbonate veins [2]. 
1 the other hand, beryls of the older generations (in pegmatites) are 
aracterized by inclusions in the form of crystals of alkali fluorides 
d chlorides [4]. Taking into account the fact that such variations in 
e composition of the gaseous-liquid inclusions in beryls of different 
nerations may be observed in one and the same pegmatitic body, we 
e justified in the assumption that the role of beryllium halide com- 
exes decreases progressively whereas the role of beryllium carbon- 
2s increases progressively in the solution during the pegmatitic 
ocess.* This conclusion seems to be at odds with what is known con- 
rning the stability of beryllium complexes, among which the fluor- 
ryllate is the most stable one (particularly in comparison with the 
rbonate complexes of Be). However, we are led to assume a rela- 
‘ely rapid decomposition of the fluorberyllate complex during the 
rly stages of the process, despite its relatively high stability, if we 
se into account the high activity of fluoride ion in reactions between 
rine-bearing solutions and the wall rocks or the minerals belonging 
arlier paragenetic complexes. A phenomenon of this sort should be 
yecially characteristic of berylliferous pegmatites whose mineral- 
‘ming solutions were not distinguished by their high content of 
rine [2]. The author of this report has previously expressed the 
nion that differences in the stabilities of complex compounds of 
yllium in mineral-forming solutions are among the principal causes 
the prolonged participation of beryllium in mineral-forming proc- 
es and for its presence in several generations of minerals [1, 2]. 
hilar conclusions may be drawn with reference to tantalum and nio- 
in granite pegmatites, to zirconium in granite and syenite peg- 
mes, etc. 
{n such a manner, concepts entailing the possibility of transfers of 
e elements in the forms of complexes in endogenic solutions enable 
on the assumption of certain concrete chemical relationships, to 


e author regards the gaseous-liquid inclusions in minerals of the rare met- 
‘as relicts of liquid and gaseous products of the decomposition of mobile 
apounds of these metals in the course of crystallization of the mineral [4]. 
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explain many of the formerly obscure characteristics of the distributiog 


of these elements in post-magmatic deposits. 
Success in further research on these problems is contingent on ex- 


perimental studies on the behavior of the complex compounds of rare 
elements at high temperatures and pressures, as well as on the accu- 
mulation of experimental data on the composition of gaseous-liquid 
inclusions in minerals of rare metals. 
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Abstract 

The composition of rare earths is shown by two similar curves linking the © 
points of separate even and odd lanthanides. According to the value of the maxi 
mum, three types of rare-earth composition have been distinguished: a stronglt 
selective (> 45-50), a selective (> 30) and a complex type (< 30). Besides the 
well-known maxima on Ce, Dy and Yb, abrupt maxima of lanthanides in mineral} 
has been outlined. A correlative bond between near-lanthanides and a relative t 
constancy in the ratios of even and odd elements of one pair has been establish 
The correlative bond of the separate lanthanides depends on the proximity of tht 
ionic radius (and electronic configuration) of one pair of elements. The typical] 
ratios of pair lanthanides are somewhat disturbed in strongly selective compos: 
tions. In minerals with maxima on Ce, Nd and Gd, Y is nearly absent, whereas 
in compositions with maxima of Dy and Yb, large amounts of Y are present. 
Therefore in the mineralogical-geochemical respect it has been suggested 
place the boundary between the cerium and yttrium groups between Tb and Dy. | 
It is reasonable to distinguish the pair-lanthanide groups according to the lead4 
ing even elements; the cerium group (Ce, La), the neodymium group (Nd, Pr), | 
the samarium group (Sm, Eu), the gadolinium group (Gd, Tb), the dysprosium © 
group (Dy, Ho), the erbium group (Er, Tu) and the ytterbium group (Yb, Lu). 


Systematic studies of the rare earths in minerals were begun in thé 
1920’s by V. M. Goldschmidt and L. Thomassen [1]. Although their 
studies were chiefly qualitative, they were sufficient to demonstrate | 
that the rare earth minerals differ significantly among themselves in| 
the proportions of the rare earths they contain. 

Goldschmidt and Thomassen were able to differentiate several typé 
of rare earth minerals on the basis of their composition and the rela 
tive preponderance of this or that element: a) the complex type (apati 
yttrium fluorite); b) the selectively cerium type (monazite, allanite); } 
c) the selectively yttrium type (thalenite, thortveitite, xenotime). 

Complete quantitative data on the composition of the rare-earth — 
minerals have appeared in abundance chiefly in recent years, in the 
studies by I. B. Borovskii and V. I. Gerasimovskii [2], Murata et al. 


4], E. E. Vainshtein, A. I. Tugarinov, and N. V. Turanskaya [5], and | 
others [6, 7, 8, 9]. | 


*Presented at the Jubilee Session of the Scientific Council of the Institute, 
November 6, 1957. 
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We conducted systematic studies of the composition of the rare 
arths represented by more than 100 specimens of different minerals 
i different genetic types from different localities. Inasmuch as the 
arlier studies [2, 3, 4, 5] report quantitative characteristics of the 
are earths chiefly in cerium minerals, the present study was intended 
) put a particular emphasis on yttrium minerals. 

The mineral specimens were collected by E. I. Semenov during his 
udies in the Kola Peninsula, Ukraine, Urals, Central Asia, Taimyr, 
enisei Range, and Kolyma. Several specimens were procured from 
her geologists in the Union whose names are given in the analytical 
bles. The rare-earth minerals from foreign sources were procured 
‘om the collections of the Mineralogical Museum, Academy of 
silences of the USSR, through the courtesy of G. P. Barsanov. The 
inerals were identified, in controversial cases, by X-ray and optical 
ethods. 

Preliminary isolation of precipitates of the sum-total of the rare 
irths (= TR2O3) were performed for most of the minerals by A. V. 
ykova, O. F. Dorondova, M. E. Kazakova, M. V. Kukharchik, and I. S. 
azina, chemist-analysts. The quantitative composition of the rare 
irths in the 2 TR2Oz; or in the minerals was determined by R. L. 
arinskii by the X-ray spectrographic procedure. Reliability of the 
lalyses was 5 to 7% of the determined values, with a sensitivity of 
1%. 

Results of the X-ray spectrographic analyses are presented in the 
ble. Figures in the columns of the table indicate percentages of the 
ven lanthanide in the > TR, O3, which is here taken as 100%. All of 
e Oxides are sesquioxides, with the exception of the oxides of Ce and 
> which are assumed to be dioxides, by analogy with earlier reports 
, 4]. The point here is that Ce and Pr are present as dioxides in 

e working standards employed in the X-ray spectrographic analyses. 
should be possible to treat them as sesquioxides, for the sake of 
iformity of results. 

Inasmuch as the rare-earth content of the minerals is generally 
wer than it is in the > TR2O3, the lanthanides are determined with 
sher sensitivity and with greater accuracy in the precipitate than in 
minerals. For that reason, whenever rare earths were determined 
ectly in minerals, the results are qualified in the table, by the word 
ineral’’ in the footnote. Yttrium was determined by difference, 

% minus ©TR2O3, in the minerals here examined. Consequently, 

» results for yttrium are not quite as accurate as the results for the 
ithanides. 

{Because the composition of the rare earths has been ascertained so 
only for very few minerals, it appeared desirable to include the 
ler analyses together with the newer data for the same minerals. 

tr minerals which were already analyzed by the earlier investigators 
jdetail (tens and hundreds of specimens of monazite, allanite, etc.) 

: report only the range of the variation for their composition. 
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Remarks on Table 1 


) According to Murata et al. (b) ‘‘Mineral.’’ (c) According to A.V. Kosterin 

d N.V. Turanskaya. (d) N.V. Turanskaya, Analyst. (e) Collected by I.P. Tik- 
nenkov. (f) Collected by E.M. Eskova. (g) Collected by O.V. Krashennikov. 

) According to N.V. Turanskaya and Yu. S. Slepnev. (i) According to E.E. 
inshtein et al. (j) Collected by E.I. Dolomanov. (k) ‘‘Khlopinite’’ (also chlop- 
ite, propably Ti-poor euzenite). (1) ‘‘Ampangabeite.’’? (m) Mineral: “‘ampanga- 
ite.’? (n) Mineral; collected by V.A. Kornetova. (0) Collected by V.B. Alexan- 
Ov. (p) “‘Blomstrandite’’ (probably betafite). (q) Collected by V.I. Noneshnikova. 
| Collected by Yu. P. Ivenson. (s) Mineral; collected by I.E. Smorchkov. (t) | 
rtolite; collected by V.B. Alexandrov. (u) Collected by V.B. Alexandrova; ana- 

zed by N.V. Turanskaya. (v) Collected by V.A. Galyuk. (w) Collected by A.N. 
buntsov. (x) ‘‘Toerneboehmite.’’ (y) Collected by A.P. Kalita. (z) Obruchevite; 
lected by A.P. Kalita (yttrian pyrochlore). (aa) Collected by I. Kupriyanova. 

9) Collected by G.D. Afanasev. (ac) Mineral; collected by E.G. Troshchenko. 

l) ‘‘Hjelmite’’. (ae) Collected by V.I. Stepanov. (af) Collected by Z.V. Vasileva. 

5) Collected by L.P. Ermilova. (ah) Collected by E.A. Nechaeva. (ai) Collected 

N.I. Zabavnikoa. (aj) ‘“‘Yttrotitanite’’. (ak) Collected by K.A. Zhuk-Pochekutov. 

) Collected by V.V. Lyakhovich. 


ne analyses in the table are grouped as follows: 
Nos. 1 through 19 - Selectively cerium minerals; 
Group la: Markedly selective cerium minerals. 
Nos. 20 through 40 - Selectively cerium minerals; 
Group lb: Selectively cerium minerals. 
Nos. 41 through 45 - Group 2: Selectively gadolinium minerals. 
Nos. 46 through 78 - Group 3: Selectively yttrium minerals. 
Nos. 79 through 80 - Group 32: Selectively yttrium-ytterbium 
minerals. 
Nos. 81 through 138 - Group 4: Complex minerals. 


(A) CLASSIFICATION OF RARE EARTHS ACCORDING 
TO COMPOSITION 


Analysis of the data on composition of the rare earths may be 
cilitated considerably by the use of graphic methods. For example, 
ere is the well known method of a diagrammatic representation of 
2 TR composition by means of a broken line connecting the points 
icative of both odd and even lanthanide compositions (Fig. la).(Pm 
y be omitted here, because of its absence from the earth’s crust). 
wever, the pattern becomes far more interesting if two curves are 
wn, instead of one, for the odd and the even lanthanides respec- 
‘ely (Fig. 1b) [12]. Such curves, as one may see, are generally 
uple and smooth and they have only a few peaks (1 or 2, as a rule). 
“These curves so drawn are true images of the odd and the even 
Bianide curves. Indeed, the Dy maximum on the even TE curve is 
alogous to the Ho maximum on the odd TR, as Dy is right next to Ho. 
‘2 same holds also for the Sm-Er couple on the aeschynite TR curve 


408 SEMENOV AND BARINSKII 


(Fig. 1b). The Sm and Er minima are 40% 
analogous to the Eu and Tm minima, 40 
etc. Therein lies apparently an ex- 
pression of a direct relationship, a 2 gg Euxenite Nn 
correlation, between the proportions 
of the odd and the even elements 
(neighbors of each other in the table) 
in the following couples: Ce-La; Nd- : 
Pr; Sm-Eu; Gd-Tb; Dy-Ho; Er-Tm; 4% 
Yb-Lu. This odd-even correlation 
between the coupled elements enables Euxenite 
us to represent both the even and the 
odd (its cognate) element by one single 
point on the horizontal curve. Analo- ° 
gies of the odd and the even TR ele- Ova te Pr Nd Sm Eu Cd Th Dy ho er Tu YL ul 
ments are made conspicuously clear 
by the diagrams constructed for the 
purpose (Fig. 2). 30% 

The TR composition curves may 
be classified as ‘‘simple’”’ (Figs. 2a, 7 eae 
2e) or ‘‘complex’’ (Fig. 21), depend- 
ing on their shape. There is only one ~ 
peak in the simple curves, but there 7 inte Pr nd Smeutd ae jy) Ho Er “th you) 
are several peaks in the complex 7 
curves. The simple curves have only 
one arm, if their peaks represent Ce 
or Yb, but two arms in all other in- 
stances. The simplest of the simple 
curves may be approximated as single simple continuous functions. 
For example, the even lanthanide curves for loparite (cerian perov- 
skite) or fergusonite (Figs. 2a, 2i) may be represented crudely by a 
descriptive function of the type of C = Co x 10K 

In this case, ‘‘C’’ and ‘‘Z’’ stand for the concentration and the : 
atomic number of the element in question, with ‘‘C’’ as the maximum; } 
K is the tangent of the slope angle of the C = f (z) curve which is a 
line on the logarithmic scale. For loparite, K = 0.127 and Zo = 70. 

The even curve for samarskite (Fig. 2e) may be approximated by 


a function of the type C = ee os , where ‘‘A”’ is one half 


10 


Fig. 1. Different methods of rep- 
resenting composition of the rare} 
earths. 


of the breadth of the curve at one half of its maximum. In this par- 
ticular case, A = 1.27 and Zo = 64. Inasmuch as the even and the odd ~ 
element curves are similar, their descriptive functions tend to re- 
semble each other. 

The community of fortunes of individual elements in the lanthanide 
group, their “‘trans-migrations’’ only by groups, ‘‘chain’’-like, the 
conjugation of the even and the odd elements, so clearly visible in the’ 
curves showing proportions of the lanthanides not only in the minerals 
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JO 


(a) loparite (b) monazite (v) phosphorite (g) aeschynite 


Lee 


(e) samarskite 


(zh) euxenite 
(d) pyrochlore 


(z) fergusonite 


Va 


50O% 

40 | 

go}(i) fergusonite; (k) garnet (1) gadolinite (m) eudialyte 

20 

10 nearly, UNE oO A 
O_O 


Og 
Ce Nd Sm Gd Dy Er YbCeNd Sméd Dy Er YbCe Nd Sm Co Dy Er Yo Ce Nd Sm Go Dy Er Yb 
La Pr Eu fb Ho Tu Lula Pr Eu Tb do Tu Lula Pr Eu Tb Ho Tu LuLafPr Eu Tb Ho Tu Lu 


Fig. 2. Composition of rare earths in different minerals. 


it also in the chemically separated sums of the rare earths (Fig. 5), 
‘e plainly visible in the curves. This means that the fundamental 
lationships governing distribution of the rare earths are the same 
th for the mineralogic and for the chemical materials. 

The averages of ionic radii, atomic weights, neutron-capture cross- 
ctions, etc., are among the major (diagnostic) characteristics, in the 
stance of the rare-earth minerals and of the groups of the rare 
rths themselves. Thus the average ionic radius of the lanthanide 
Oup may be represented as: 

. (TL * Cha) + (Ta, ¥ Cog) or Bre; 


Pave. 100 Ss jon 


ere r; is the ionic radius of the element and cj is its concentration 
the > RE2O3. The lave. is at its maximum, 1.02 1 for the bast- 
esite lanthanides (No. 1 in the table). The lowest rj, 0.82 A, is 
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observed in the lanthanides of thortveiteite, where it is very close to 
the radius of Yb. The average atomic weight of the lanthanides in bast} 
naesite and thortveitite is 140 (like Ce) and 167 (like Er) respectively.| 

The effective average maximum neutron-capture cross-section, fo 
slow neutrons, is shown by the samarskite rare earths (No. 41) and is 
24980 barns; the minimum, 40 barns, is shown by the bastnaesite raret 
earths (No. 1). 

V. Goldschmidt and L. Thomassen [1] proposed two categories in | 
their classification of the rare earths in minerals according to compo} 
sition, the ‘‘complex’’ and the “‘selective’’.* The greater the maximul 


the following types of composition: markedly selective (> 45 to 50%); 
selective (> 30%); complex (< 30%). In addition to the size of the 
maximum, the degrees of selectivity may be characterized also by thet 
“*K’’ and the ‘‘A’’ coefficients from the equations previously cited. || 
The smaller the ‘‘A’’, the greater the ‘‘K’’, —the more selective the |} 
composition. 

The composition curves are simple, in the case of the selective 
(especially the markedly selective) categories of the rare earths, with! 
only one single maximum and with steeply sloping arms. In the case I 
of the complex category, the composition curves are complicated and || 
they contain several maxima (weakly expressed, as a rule). Serious | 
difficulties arise occasionally in deciding whether the rare-earth com}) 
position in question should be referred to the selective or to the com-}} 
plex category. 

Typically selective or markedly selective compositions are most 
characteristic, occupying extreme positions in the lanthanide series 
(Ce and Yb). Elements in the intermediate positions in this series 
present a more complicated case. Thus curves of the type shown in 
Figure 2d have practically identical maxima for the two neighboring 
even elements, Gd and Sm. Such compositions are weakly selective 
with respect to these two elements, but are highly selective at the 
same time, with respect to the small part of the rare-earths ‘‘spec- 
trum’’ from Sm to Gd, inasmuch as their content of lanthanides outsid# 
the limits of this part of the ‘‘spectrum”’ falls off abruptly. The TR | 
compositions of this type, represented by simple curves, may be 
classified rationally as samarium-gadolinium selective ones, since 
the typically or the markedly selective gadolinium compositions are 
exceptionally rare. The broad cerium-neodymium TR maximum was | 
noted in zircon No. 76; the samarium-neodymium maximum in aeschy} 
nite No. 83; the dysprosium-gadolinium in samarskite No. 44; the 
erbium-dysprosium in zircon No. 75. 


*The complex category includes compositions with relatively uniform propor- | 
tions of the lanthanides; the selective category, compositions in which one or 
more of the lanthanides are definitely preponderant. 
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In the instance of the ‘‘m”’ type curves, Figure 2, there is also a 
supplementary Dy maximum in addition to the principal maximum of 
Ce. It is clear a composition of this type is not particularly selective, 
and yet it may be hardly called complex, because the main maximum 
is so definitely preponderant over the supplementary one. 

The ‘‘wave-like’’ pattern is characteristic of the transition from a 
selective composition (one maximum) through a complex composition 
to another selective composition (one maximum) (Fig. 3, Curves 1 
through 5). As the degree of selectivity becomes smaller, the slopes 
of the curves become progressively less steep, to the point where any 
further flattening-out of the main peak becomes impossible without a 
break in the smoothness of the curve. When that happens, a minimum 
makes its appearance on the curve, together with a hint of a new sup- 
plementary maximum which grows bigger as the first (main) maximum 
flattens out. 

Up to this time, in minerals, we knew of the selective rare-earths’ 
compositions with the Ce, the Dy, and the Yb maxima (Fig. 2b, 2zh, 2i 
respectively). As shown both in the table and 
in Figure 2, however, there are minerals in 
nature whose rare earths have the Nd and the 
Gd maxima (Fig. 2g, aeschynite, and Fig. 2e, 
Samarskite, respectively). Thus we find 
cerium, neodymium, gadolinium, dysprosium, 
and ytterbium compositions of the lanthan- 
ides in the minerals. 

The content of Sm and Gd which falls on 
the maximum in the curve is about the same 
in some specimens of samarskite. In zir- 
con (No. 75) the Er content is also rather 
close to the maximum. This leads us to the 
idea that there may be some rare earth 
minerals in nature with the composition 
maxima embracing all of the even elements: 
Ce, Nd, Sm, Gd, Dy, Er, Yb. However, the 
relative abundance of minerals with this or 
that kind of maxima in the composition 
curve is highly variable. The most common 
ones are the minerals with the cerium 
maximum. Yttrium minerals have generally 
the Dy and the Yb maxima in their lanthan- 
ides. Minerals with the Gd and the Nd maxi- 
ma are far more rare. No minerals could 
be discovered so far with clearly defined Sm 
and Er maxima. The foregoing considera- 
tions suggest the following sequence of the Fig. 3. The ‘‘wave pat- 
relative abundance of the composition maxi- tern’”’ of transitions from 
ma for the even lanthanides in minerals: one maximum to another. 


SS = 


Q —— 
Sm Gd Dy Er Yb 
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Ce, Dy, Yb, Gd, Nd, Er, Sm. The relative abundance of the composi- 
tion minima is in the reverse order of this sequence. 

The abundance sequence of the maxima for the odd elements is 
analogous to that of their even cognates: La, Ho, Lu, Tb, Pr, Tm, Eu.) 
The relative abundance of the elements themselves is characterized | 
also by their maximum concentrations (per cent): 42.9 La; 59 Ce; 9.5 
Pr; 33.6 Nd; 22 Sm; 1.6 Eu; 5.3 Gd; 6 Tb; 37 Dy; 7.6 Ho; 23 Er; 5.4 
Tm; 61 Yb; 11.6 Lu. Thus, if this percentage exceeds 50 for Ce, Yb, 
and Gd, it does not attain even 10 for any of the odd elements, with th 
exception of La. 

The clarke relationships of the elements are reflected, to some ex 
tent, in the abundance sequences of the lanthanide composition maxima} 
in minerals, as well as in the percentage concentrations represented | 
by such maxima on the composition curves. Indeed, the fact that Sm, |) 
Eu, Er, and Tm never yield any maxima on the composition curves, 
and are generally in the minima, indicates that these elements are ex} 
tremely deficient in the earth’s crust. 

We must take into account nevertheless the content of the given 
element in minerals in which the maximum is represented by some 
other element, as we now pass to a discussion of the clarke sequence 
of the lanthanides. Thus, although there are very few minerals show-} 
ing an independent neodymium maximum, large amounts of Nd are . 
present in the abundantly distributed cerium minerals. We are justi- 
fied therefore in placing Nd next to Ce, with respect to its relative 
abundance. The same reasoning may be followed also for certain 
other lanthanides. I} 

Further statistical data on composition of the rare earths in min- |) 
erals and on the relative abundance of the minerals themselves may | 
serve apparently in verifications and corrections of the sequences 
here stated as well as of the currently accepted relationships betwee 
the lanthanide clarkes in the earth’s crust. | 

Among the cerium type compositions of the rare earths in miner- | 
als, we may distinguish three types: the normal, the cerium anom- 


consistently by the relationships already reported [3, 4, 5]: the rela-} 
tively constant proportions of cerium (about 40 to 50%) and of pra- 
seodymium (about 5%); the inversely proportional relationship betwee} 
La and Nd (La + Nd approx. constant). Anomalous minerals with tet- |) 
ravalent cerium are also known whose TR consist almost entirely of | 
cerium. Cerianite, CeO,, is one of these; it was first discovered in || 
endogenic carbonatite deposits in Canada. We ascertained composi- 
tion of the TR in cerianite which was formed ona weathering of 
bastnaesite in pegmatites of Madagascar. Its composition is as fol- 
lows: Lag Ceo1 Pr o9Ndz,1. Since this test material is ocherous, one 
might think that the presence of La, Pr, Nd is due to a contamination. 
However, it has been proved experimentally that there exists a serie 
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of solid solutions (CeV!, Th, U) 0, —TR,O;. Characteristically, there 
is no enrichment of Pr in cerianite, because, in this particular case, 
there is apparently no formation of PrlV, 

Thus cerianite is practically 100% the oxide of one single element—- 
Ce. We are dealing here not only with a complete rupture of rigid 
bonds (La + Nd about constant) characteristic of ordinary cerium com- 
positions but also of the common chain bonds, so characteristic of the 
trivalent rare earths. The decisive preponderance of cerium over 
lanthanum may be illustrated by zircon (No. 76) and by several other 
minerals. 

The most recently published data of Hildebrand [10] on a most 
curious rhabdophane of the cerium-free anomalous composition of its 
TR, from Connecticut, USA show: Las3z7.¢ Céo.s Pro.g Ndas.4 SM7.5 Eu15 
Gd7,4 . This rhabdophane contains practically no cerium or praseody- 
mium, in contrast with the other cerium minerals. These two ele- 
ments had passed apparently into their anomalous tetravalent forms 
and were parted as an independent phase, (Ce, Pr)Oz. 

Curiously, the lanthanide chains were not disturbed in this rhab- 
dophane, despite the lapse of two elements (Ce and Pr) from the lan- 
thanide series, between lanthanum and neodymium. 

The following anomalous TR composition was established for hal- 
loysite (No. 119): Lasg Ceso Prz Ndg;. Lanthanum here is higher than 
cerium or any other element, so that, in the case of this sort, we may 
speak of the lanthanum maximum of the TR in minerals. However, we 
do not yet recognize a distinctive lanthanum type of the rare earths, 
inasmuch as the case in question is the first one of the kind and still 
remains to be studied in detail. This halloysite example is an illus- 
tration of an incomplete withdrawal of cerium, as against its nearly 
complete withdrawal in the instance of the rhabdophane. In cerium- 
free anomalous minerals of this type, there is a disturbance of the 
analogy between the even and the odd lanthanide curves and these 
curves intersect each other. 

For a series of minerals (fluorite, strontianite, pyromorphite , mi- 
crocline, etc.) there were frequent reports on an enrichment by euro- 


_ pium, as evidenced by optical spectrographic data. Europium is 
_ present in such minerals in its divalent state and replaces Sr, Pb, and 


K, resembling them in the size of their ionic radii. However, we found 
about the same amounts of europium in the minerals we had examined, 
both strontium (nordite, fluorite) and lead (anglesite), as are present in 
ordinary cerium minerals. The reports on the specific role of europi- 
um in some minerals may be attributed frequently to the fact that 
spectrographic optical analysis is most sensitive for this particular 
lanthanide. 
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(B) LANTHANIDE COUPLES | 


More than three quarters of the total rare earths in minerals con- 
sist generally of the even elements which play a leading part, in many | 
respects, and by which the fortunes of the odd elements are also deter} 
mined. The content of an odd element is higher in proportion to the 
content of its even neighbors. However, this even-odd correlation is 
generally more close between the given odd element and some particu+; 
lar one of its even neighbors. The following correlations are indicated; 
by the analysis: Ce-La; Nd-Pr; Sm-Eu; Gd-Tb; Dy-Ho; Er-Tm; Yb-Lui 
In such manner the odd elements to the left of Pm, in the rare-earth |) 
series (with ‘‘z’’, the atomic number lower than 61) are correlated wit 
their even neighbors on the right, whereas the odd elements to the rig tt 
of Pm (‘‘z’’ higher than 61) are correlated with their even neighbors o¥j 
the left. 

Such grouping of the couples is sustained most convincingly by Fig 
ure 4 and by the analogy between the curves for the even and for the 
odd lanthanides constructed on the basis of the principle of their coup-}) 
ling, as here formulated (Fig. 2). There is no correlation and no anal \ 
ogy between the curves, if | 


we group the lanthanide BG so 
couples differently (e.g., i 7 | 
Yb-Tm, Er-Ho,etc.).Char- 60 We 30 wa 

ye Ce, %o eels Dy %o | 
acteristically also, chem- YER 7" 20 re | 
ically (first of all, chrom- IP se, we 
atographically), in the sep- 20 10 
aration of the couples, the : a 

A ; . 0 Q 

greatest difficulties arise 20 30 40 lid4d tim 
in the cases of Nd and Pr, 30 La, %o 30 Ho, Yo 
Sm and Eu, Yb and Lu. [ e 


The following charac- 
teristic ratios within the 
lanthanide couples are in- 
dicated by the general av- 
erages for all of the min- 
erals:.Ce:La=3;.Nd:Pr = 
3; Gd:Tb=6; Dy:Ho=5; Er: 
Tm=6; Yb:Lu=6. The 
Sm:Eu ratio is very much 
higher and may be given 
tentatively as 10 to 20. One 
fact stands out conspicu- 
ously, namely: Ce:La = 
Nd:Pr; Gd:Tb ~ Dy:Ho = 0 0 . 
Er:Tm ~ Yb:Lu. A break- ‘has pains ote, aan 
down of the rare-earth ore Pat 
series into two sections is Fig. 4. Proportions of odd and even lanthanide 
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indicated accordingly (La to Nd and Gd to Lu); this break is at the Sm - 
Eu couple, immediately next to Pm (z = 61). It is possible that these 
two sections of the lanthanide series were formed by two different 
branch-variants of the nuclear process. 

The phenomenon of the lanthanide couples may be explained possibly 
by the similarity of the ionic radii of the couples. According to N. V. 
Belov and G. B. Bokii, their ionic radii are as follows: La - 1.04, Ce - 
1.02; Pr - 1.00, Nd - 0.99; Sm - 0.97, Eu - 0.97; Gd - 0.94, Tb - 0.89; 
Dy - 0.88, Ho - 0.86; Er - 0.85, Tm - 0.85; Yb - 0.81, Lu - 0.804. It 
is evident therefore that the ionic radii are about the same for Lu and 
Yb, Pr and Nd, and are equal for Tm and Er, Eu and Sm. 

The approximate equality of the ionic radii in the lanthanide couples 
may be related to the similar distribution of their 4 f electrons in their 
orbits which is.not the same for elements belonging to different couples 
(thus Yb and Lu have fourteen f electrons each). Curiously, there is 
no coupling on the basis of atomic radii in the lanthanides. Conse- 
quently, the phenomenon of the lanthanide couples is characteristic 
apparently for compounds with ionic bonds. 

The diagram in Figure 4 shows that the Ce - La correlation has 
been definitely weakened. We also know of examples where La > Ce 
[11]. This may be due to the ‘‘extreme left’’ position of La in the rare- 
earths series, to the point that La is the only one of the rare earths 
that has no 4f electrons. Moreover, the anomalous La-Ce relationships 
may be caused by the capacity of cerium to assume the tetravalent 
state. 

Insofar as the degree of similarity between the ionic radii of the lan- 
thanide couples is not the same, there may be differences also in the 
extent of their correlations. After conclusive determinations of their 
ionic radii and of their electronic configurations, it should be highly 
desirable to ascertain the relationship between their atomic proportions 
and the ionic radii. It should be interesting also to find out whether 
there is a coupling among the actinides which resemble the lanthanides. 

The characteristic ratios between the even and the odd lanthanides 
obtained by analysis of the rare earths in minerals are apparently very 
close to the ratios of their clarkes. This enables us to utilize these 
ratios in minerals in correcting the currently accepted lanthanide 
clarke ratios. For example, V. M. Goldschmidt’s clarke ratio Yb:Lu = 
3.5 is too low, in all probability, while his Er:Tm = 12 ratio is too high. 
Curiously, F. Clarke reports Er:Tm = 5. 

The analogy between the curves of the even and of the odd lanthan- 
ides (expression of the diagnostic relationships), and the smoothness 
and the common simplicity of these curves are indicative of the cor- 
rectness of the analyses of the rare earths in minerals. A whole series 
of old decipherings by many others pretending at a quantitative relia- 
bility of their results, should be treated now only as qualitative findings, 
because they fail to meet the required criteria. The characteristics of 
the lanthanide composition curves, as shown here, justify extrapolations, 
in the instance of the selective compositions. 


416 SEMENOV AND BARINSKII 


The ratios between the coupled even-odd lanthanides are only ap- 
proximately constant. For example, although the normal Er:Tm = 6, 
this ratio may vary from 4.5 in samarskite to 7.5 in eudialyte, i.e., 
more than 1.5 times. The typical lanthanide ratios are most common- 
ly observed in compositions of the complex type which are represented [ 
by complex curves with several gently sloping maxima. For example, 
the Er:Tm ratio is fairly constant and is approximately 6 for all gado- 
linites whose lanthanides are of the complex type (Nos. 97-109 in the 
table). 

The widest variations in the ratio of the coupled even-odd lanthan- 
ides are observed in the TR compositions of the selective type. For 
example, Gd:Tb = 8 and Dy:Ho = 9 in a samarskite with a strong gado- 
linium maximum (No. 41 in the table), whereas Yb:Lu = 4.5 and Er:Tm 
= 4.5. The first two of these ratios are apparently characteristic for 
elements at their maxima and the too-low ratios for elements at their 
minima, in curves representing composition of the markedly selective 
type. The excessively low ratios may be compensated, in some cases, 
by some excessively high ones but may be tied, in some other cases, 
to a constant ratio between the total even and the total odd lanthanides. 
Indeed, the sum-total of the even elements remains fairly constant, in | 
the vicinity of 85% (of = TR), in many minerals, excepting cerium 
minerals. 

The selective compositions show occasionally that an odd lanthanide ¢ 
may be influenced by an even one, both within and outside the even-odd | 
couple. Thus, in the two examples of the lanthanide compositions in 
fergusonite (Nos. 65 and 72 in the table), Tm is relatively high inthe | 
very same lanthanides (No. 65), which show also a markedly high ytter-|) 
bium maximum. This may be explained by the position of Tm, inter- 
mediate between Er and Yb in the rare earths series. Although Tm is | 
generally correlated with Er, the abrupt rise in the Yb content brings — 
about an increase in the content of its neighbor, Tm, but not of Er. On| 
the contrary, in the case of a markedly high dysprosium maximum, the 
Er:Tm ratio rises above its ordinary level. 

In such manner, if the maximum in the selective composition is to 
the right of the couple in question, the ratio within the couple falls be- | 
low its ordinary level; if the maximum is to the left—the ratio within 
the couple increases. 

We must take into account the fact that the characteristic ratios be- } 
tween the coupled even and odd elements are subject to smaller varia- } 
tions at different TR compositions in one and the same mineral than in } 
several different minerals. For example, in fergusonite: Er:Tm =6 | 
and Yb: Lu = 5.4 show very little variation. On the other hand, the 
abnormal Dy:Ho = 9 ratio is found both in the selectively gadolinium 
mineral, samarskite, and in the gadolinium-type TR composition of an F 
entirely different complex mineral, pyrochlore. Thus not only the 
crystal structures but also the TR compositions, that is, positions and | 
size of their maxima, play a decisive part in establishing the ratios i 
between the coupled lanthanide elements. 
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(C) CLASSIFICATION OF RARE EARTH ELEMENTS 


As we know, Sc and Y (atomic numbers 21 and 39 respectively) are 
often included with the lanthanide group consisting of 15 similar ele- 
ments, from La through Lu (atomic numbers 57 and 71 respectively). 
Indeed, there exist minerals containing Sc and practically no lanthan- 
ides, such as cassiterite and wolframite. Also, most of the lanthanide 
minerals, and especially the cerium group, contain no Sc. 

The Y problem is more involved. All of the known yttrium minerals 
-ontain lanthanides, whereas most of the lanthanide minerals (not all) 
contain Y. The lanthanides amount only to about 30% of the rare earths 
n xenotime, euxenite, fergusonite, and many other minerals, whereas 
10% of the © TR2O3 is Y itself functioning as the leading or the princi- 
Jal element. We must refer to such minerals therefore as yttrium 
minerals and not as dysprosium or ytterbium minerals. 

As we know, the ionic radius of Y is similar in its size to the ionic 
cadii of Dy and Ho and that it is for this reason that the fractionation 
of this group is particularly difficult in chemistry. There is every in- 
lication that it is feasible to treat Y as a member of the lanthanides, 

n mineralogical and geochemical research, and to deal with the rare 
sarths (TR) as with a combination of the lanthanides (‘‘Ln’’) and 
nttrium. 

Very small quantities of yttrium are present not only in the cerium 
gut also in the neodymium (aeschynite) and the gadolinium (samarskite) 
ninerals. On the other hand, yttrium is preponderant in the rare 
sarths with the Dy and the Yb lanthanide maxima. There is a direct 
-orrelation apparently between Y and the heavy lanthanides (Dy, Ho, Er, 
[_m, Yb, Lu) with the ratio of Y:2 (Dy-Lu) approximately equal to 3. 
Yharacteristically, in this connection, the Y content is high in the eudi- 
lyte rare earths, on account of the enrichment of this mineral with 
leavy lanthanides. There is a lowering of the Y-heavy lanthanides 
atio in the TR compositions whose maxima of the center fall on (Gd, 
dy). 

A correlation with certain specific lanthanides is indicated also for 
‘cc. The rare earths in thortveitite, the principal scandium mineral 
Nos. 79 and 80) have their maximum characteristically at Yb. Ac- 
ording to Wylie [7], the Australian fergusonite is significantly en- 
iched with Sc and its lanthanide maximum falls on Yb. Thus a definite 
ssociation is noted for Sc and Yb specifically, and not for Sc and the 
ttrium earths. This relationship was first suggested by T. Sahama 
nd V. Vahatalo [6] who discovered Sc “‘highs’’ in Yb-enriched wiikite. 

The Sc-Yb correlation is explained by the closeness of the ionic 
adius of scandium to the ionic radii of Yb and Lu, which are the 
mallest ones among the lanthanides. Scandium is found, however, 
lso in minerals whose lanthanide maxima fall on Dy and Gd (samar- 
kite and others). 

There exists a traditional separation of the rare earths into the 
erium and the yttrium groups which is accepted in chemistry. 
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The boundary between these two groups is drawn between Sm and Eu on} 
the basis of solubility differences of the compounds, or between Gd and f 
Tb on the basis of the electronic structures. 

The foregoing data on composition of the rare earths in minerals 
show that the break-down of the series into the cerium and the yttrium | 
groups is entirely inadequate. Indeed, how would one classify the rare f 
earths with the Nd maxima (Nos. 83, 118, 128) or with the Gd maxima 
(Nos. 41-44, 95, 117)? There is practically no Ce or Y group, the 
neodymium and the gadolinium respectively. Chemistry knows some 
rare-earths compositions with the Sm maxima but without any Ce or Y. 
Depending on positions of the maxima, it is possible accordingly to 
distinguish five groups of the rare earths: the cerium, the neodymium, 
the samarium, the gadolinium, the yttrium. The boundary between the }) 
gadolinium (or the cerium group by the traditional understanding) and 
the yttrium groups must be drawn between Tb and Dy. It is not per- 
missible to draw this boundary between Gd and Tb for, were that done, 
it would mean a rupture of a closest link between an even and an odd 
element of a couple. 

On the basis of their studies of the rare earths in monazite, Murata 
et al. [3] proposed to divide the cerium earths into two subgroups: the 
lanthanum (La, Ce, Pr) and the neodymium (Nd, Sm, Gd). In chemistry}) 
the yttrium earths are divided commonly into three subgroups: the | 
terbium (Eu, Gd, Tb), the erbium (Dy, Ho, Er, Tm) and the ytterbium 
(Yb, Lu). This latter classification seems to be irrational, from the 
mineralogic-geochemical point of view, because it either makes com- 
binations of dissimilar elements or breaks up the closely related even-} 
odd couples. It is more appropriate to divide the groups into sub- 
groups on the basis of the preponderant even elements in the couples. 
Thus the cerium group may be divided into the following subgroups: thd! 
cerium (Ce, La), the neodymium (Nd, Pr), the samarium (Sm, Eu), the ' 
gadolinium (Gd, Tb), while the yttrium group may be divided into the dy 
prosium (Dy, Ho, Y), the erbium (Er, Tm) : 
and the ytterbium (Yb, Lu) subgroups. Cerium group 

It is rational also not to classify 50% 
separately the cerium and the yttrium 
groups but to think instead in terms of 40 
the primary groups: neodymium, cer- 


é 


Yttrium 


aes I ee 
lum, Samarium, gadolinium, dyspros- 
ium, erbium, and ytterbium. 20 

The division of the rare earths into 
the cerium and the yttrium groups is 10 
customary in chemical analysis. As 
shown in Figure 5, however, in the Cog Nd Sm Cd Dy €r YO 
analysis of monazite, the maximum in La "r fu Tb HO Tu UWF 


the so-called yttrium group falls on Gd 
and not on Y or the yttrium group at all 
(Dy, Er, Yb). 


Fig. 5. Composition of rare eartl 
in precipitates of cerium and of 
yttrium groups of monazite. 
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fhis is an illustration of the conventional way of characterization of 
he rare earths provided by the chemical analysis of minerals. There 
S no real need to divide the > TR,O3; into the cerium and the yttrium 
sroups. The color of the precipitate is already a sufficient indication 
f its qualitative composition. As to the quantitative characterization 
f the > TR2O3 precipitate, it is only rational at once to pass it on for 
ts X-ray spectrographic or the spectrographic analysis. 

The dependence of the TR composition on the composition and 
structure of the minerals is to be reported in our next communication. 
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Abstract 


The ratios of the K/Rb content in minerals from pegmatites of the same peg} 
matite field of the northern part of the Kola Peninsula but showing different 
mineralogical composition and structure have been studied. It has been ascer- |) 
tained that the K/Rb ratio in microclines varies from 106 in ordinary pegmatitid 
dikes to 7 in microclines from more complex differentiated pegmatitic dikes. 
In microclines from zonal pegmatites a decrease of the K/Rb ratio from 26 to | 
15 has been observed in the direction from the contact to the center. For micas} 
of the pegmatitic field under investigation, an enrichment of rubidium with re- || 
spect to potassium from NW to S in the field has been observed; in zoned peg- 
matites the enrichment of micas proceeds from the contact to the core. It 
also has been noted that the K/Rb ratio in microclines taken from pegmatitic 
veins belonging to a definite stage of pegmatite formation in similar paragenetic 
associations remains rather constant and from it is in some degree possible 
to judge of the mineralogical composition and structure of the pegmatite under 
investigation. The gradual concentration of rubidium, as well as of other rare 
elements being especially conspicuous in such minerals as microcline and micaf 
may be explained by the formation of pegmatites of such a type from the residual) 
melt-solution during its gradual differentiation. 


The problem of K/Rb ratio in rocks and minerals has attracted the 
interest of investigators for a long time. These two alkali elements, 
potassium and rubidium, are intimately bound together geochemically. 
Their ionic radii (K* 1.33 A and Rb* 1.49 A) and their ionization po- 
tentials (K* 4.34 v and Rb* 4.18 v) are very similar. The difference 
between their VEK’s* is small, being 0.36 and 0.33 for potassium and 
rubidium, respectively. Rubidium is common in potassium minerals 
and rocks for this reason, wherein it substitutes for potassium iso- 
morphously. 

L. Ahrens and co-workers [1] pointed out, in their studies of the 
K/Rb ratios in igneous rocks, that the potassium-rubidium associa- 
tion is a very close one and that the K/Rb is practically the same in all 
principal types of igneous rocks, with the average of 90 (variations 


*“VEK’’, A, E, Fersman’s parameter, is energy per unit valence. The energy 
(‘‘EK’’) is defined here (in electron-volts or in megacalories) as the contribu- 
tion per ion to the energy of the unit-cell. VPS 
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rom 55 to 150). Later investigators [2, 3, 4, 5] confirmed the findings 
#f Ahrens, on the whole, but found also that the Rb data of Ahrens are 
oo high and that his K/Rb ratios are too low accordingly. Their re- 
sults suggest a K/Rb of about 240 as a more reliable figure for igneous 
ocks. 

The K/Rb is significantly lower in pegmatites and is at its minimum 
n minerals characterizing the late replacement stages of complex peg 
natites. Thus Ahrens [1] points out that the K/Rb is 6, on the aver- 
ize, in lepidolites, and may be as low as 3. This ratio varies from 
11.14 to 5.56 in microclines, according to our calculations based on 
>. M. Jeffery’s data [6 ]. The lowering of the ratio in pegmatites de- 
ends on the accumulation of rubidium, as against potassium, in the 
nd-stages of the pegmatitic process. This accumulation is related to 
he larger size of rubidium ion [1, 7, 8, 9]. 

The present study deals with variations in the K/Rb ratio in micro- 
‘lines and micas from pegmatitic veins with different paragenetic 
issociations. All of these veins are situated within the borders of one 
single pegmatitic field in the north of the Kola Peninsula. A definite 
‘egional zoning is noticeable in the distribution of the veins, as ex- 
yressed in the progressively increasing number of different minerals 
n the veins, northwest to southeast, and also in the appearance of peg- 
natitic veins with clearly developed replacement zones in the south 
nd in the southeast of the pegmatitic field here investigated. In the 
orth and the northwest of the field, the veins are composed of micro- 
line, quartz, and of smaller amounts of acid plagioclase and black 
Ourmaline. Zonal veins with intricate structures occur in the east 
nd in the southeast. Microcline, plagioclase, and black tourmaline 
nay be encountered in vicinities of the contacts. In the transitional 
one, the microcline crystals increase up to 1 meter in diameter, and 
maller amounts of other minerals also make their appearance. The 
entral parts embrace a zone containing large amounts of minerals 
esulting from replacements of microcline and of other minerals from 
ther zones. The replacement zone contains quartz, clevelandite, pol- 
ucite, tourmaline, rubellite, montebrasite, tantalite, microlite, simp- 
onite, stibiotantalite, and other minerals. Microcline is present 
here in smaller quantities. Detailed descriptions of composition and 
tructures of these veins were reported in an earlier publication [10]. 


I. THE K/Rb RATIO IN MICROCLINES 


We determined potassium and rubidium in 30 samples of micro- 
lines from different pegmatites of the field under investigation. We 
lso analyzed three samples of microcline from the adjoining pegma- 
tic field situated to the southeast of the one we had studied and eight 
amples of amazonites from East Transbaikal and Ural. The latter 
iaterials were placed at our disposal by A. S. Pavlenko and A. I. 
inzburg, to whom we are greatly indebted. Potassium and rubidium 
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Potassium, Rubidium, and K/Rb in Minerals from Pegmatitic 
Veins, Northern Part of Kola Peninsula 


No. Materials and source %K %Rb K/Rb 


““A’?, Pegmatitic area in northern part of Kola Peninsula 
I. NORTHWESTERN SECTION OF THE FIELD 


1. Microcline from blocky pegmatite, northernmost 
part of the field ie hee lO pile 93.1 


2. Same place; from graphic-structured pegmatite 10.6 0.10 106 


3. Vein; 14 km SE of No. 2; microcline from blocky 
part of vein 10.1 0.34 29.7 


‘Vein in bog’’, 4km E of No, 3 


4. Pink microcline from zone next to contact with 
pegmatite 8.06 0.28 28.8 


5. White microcline from intermediate zone 7.95 0.31 25.6 


6. Coarsely crystalline microcline from blocky 
zone of pegmatite 10.6 0.69 15.4 


7. Microcline from zone of replacement; paragene- 
sis: lepidolite, rubelite, pollucite, cesium beryl 11.65 1.08 10.8 


Il. CENTRAL SECTION OF PEGMATITIC FIELD 


8. Microcline from zone near contact with pegmatite 7.61 0.23 33.1 

9. Microcline from intermediate zone 9.39 0.40 23.0 
10. Coarsely crystalline microcline from zone near 

contact with pegmatite 12.02 0.55 Zee 

11. Microcline from blocky zone of pegmatite 11.4 0.57 20.1 


I, SOUTHERN AND SOUTHEASTERN SECTION OF THE FIELD 


(a) Southern veins 


12. Microcline from marginal zone, vein No. 6 13.74 0.52 26.4 
13. 4 with grayish-green spodumene 10.2 0.35 29.1 
14, Ny vein No. 2, 0.2 m. from contact with 

hanging wall 10.16 0.38 26.7 
15. White microcline, vein No. 2, 3.6 m. from contact 

with hanging wall. 8.67 0.46 18.9 
16. Pink microcline, vein No. 2, 3.6 m. from contact 

with hanging wall. S599) 0.49 20.4 
17. Microcline, vein No. 2, 10 m. from contact with 

hanging wall 10.14 0.62 16.0 
18. Microcline, vein No. 2, 13 m. from contact with 

hanging wall 10.71 0.70 15e3 
19. Microcline, vein No. 2, center of vein 10.12 0.55 18.4 
20. Microcline, vein No. 10, center of vein 5.4 0.52 18.1 
21. Microcline, vein No. 10, center of vein 12.83 2.81 4.6 

(b) Vein in the farthest southeastern section of the field 

22, Pink microcline 9595) 1.05 Saal 
23. White iy 12.19 1.55 Keg i 
det r 9.55 1,05 91 
2500 a "_, creamy tinge LOVE 127 8.1 
26. i si ; i u 10.09 1.10 9.2 3 
oie ce if ; ~ me 10.85 2d 9.0 } 
28. " " ; " " 7.84 1.08 1.3 t 
29s 8.95 1.28 7.0 4 
30. uy i 10.48 1.22 8.6 


K/Rb RATIOS IN PEGMATITES 423 


Materials and source %K %Rb K/Rb 


(b) Vein in the farthest southeastern section of the field 


Pink microcline 9.55 1.05 9.1 
White i 12.19 159 UR) 
x 3 9.55 1.05 9.1 
a! % , creamy tinge 10.26 ner 8.1 
4 ti , ‘ ¥ 10,09 1.10 9.2 
4 i d u y 10.85 74 9.0 
a ‘ 4 BY i 7.84 1,08 Toe 
2 se 8.95 1.28 7.0 
4 a 10.48 1,22 8.6 
“*B’’, Pegmatitic field 30 km SE of Field ‘‘A’’ 
Microcline from footwall of vein 8.86 0.30 2950 
“4 2 jpop rte Sey 9.90 0.33 30.0 
” " ” " " 8.44 0.37 22.8 
“C”’. Microcline from other districts, Kola Peninsula 
Microcline from porphyry granite from lower 
course of Panoi River 8.28 Om 69.0 
Biotite, same source as No. 34 4.96 0.12 41.3 
Large crystal of microcline, Murmansk area 8.63 0.11 78.4 
‘“—D’’, Pegmatitic fields of Ural and of E. Transbaikal 
Ilmen Mts., Ural; amazonite 9.66 0.29 33.9 
Amazonite from pegmatite in granite 10.9 0.30 36.3 
Amazonite 10.62 0.46 23-1 
Amazonite from amazonite granite 9.06 OF35: BSL 
Amazonite from pegmatite in sandy-clayey shale 11.46 0.47 24.3 
Zuikilkinda site; amazonite from pegmatite vein 9.78 0.45 Zi 
Barukingilda site; amazonite 9.89 0.43 23.0 
Etyka, average sample of amazonite granites Sale) 1.20 31.6 
“E??, Micas (Kola Peninsula) 
Purple lepidolite, large plates, replacement zone 
in center of vein No. 2 el 1.36 5.0 
Lepidolite, large plates, replacement zone of vein 
No. 13 9.00 1.25 7.2 
Lilac-brown lepidolite (‘‘Barbot’s Eye’’); from 
a vein with a well developed replacement zone 7.26 1.45 5.0 
Pale lilac lepidolite; same source as No. 47 6.89 1.90 3.6 
Silvery-pink mica 8.19 0.61 13.4 
Feathery pink muscovite EO) 1.02 7.8 
Greenish muscovite, vein No. 18, replacement zone 8.36 1.30 6.4 
Greenish muscovite, same source as No. 51 ode) 1.58 4.9 
Central part of pegmatitic field. Fine scaly musco- 
vite with greenish tinge, vein in center of field 7.49 0,59 12.7 
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were determined also in coarsely crystalline microcline from the 
Murmansk area and in microcline and biotite from a porphyry-like 
granite from the territory along the lower course of the Panoi River. }j 

All of the microclines from the pegmatites of the Kola are micro- fj 
cline-perthites. The perthite in-growths in these microcline-perthite 
consist of albite and albite-oligoclase, and owe their origin to replaces 
ments. Proportions of albite in the microclines are 15 to 20%, as 
determined by the chemical analysis. 

Potassium and rubidium were determined spectrographically, as in 
our earlier studies [10, 11], in the activated AC arc at 220 v. and 7 
amp. A complex carbon electrode was used; the cavity in which the 
sample was placed was 4 mm deep and 3.5 mm in diameter. The floo; 
of this cavity was lined with 0.025 g of powdered carbon which was 
tamped down. The sample was placed on this floor and was covered 
by a thin layer of powdered carbon. The spectra were photographed i 
the ISP-51 spectrograph using a camera with 270 mm focus. The 
image of the source was projected on the slit of the spectrograph by |} 
means of two lenses, one of which was equipped with a moveable dia- 
phragm. Width of the slit was 0.02 mm; height of the interposed dia- }} 
phragm—3.2 mm. A two-stage reducer was placed in front of the slitJ 
capable of reducing intensity of the spectrum 3-fold in the second 
stage. The exposure was 5 minutes. 

Rubidium content was determined by two lines: 7800.23 and 7947.66 

Potassium was determined in the same spectrograms by the lines 
7664.91, 7698.98 A and 6911.30, 6938.98 A. The rubidium lines and 
two of the potassium lines, 7664.91 and 7698.98 i were recorded on 
the Infrakhrom 840 and were photographed on the Infrakhrom 760 film 
Sections of these films were inserted simultaneously inside the cas- 
sette, in their appropriate places. The nomograms were constructed 
with the log c and the AS coordinates, where ‘‘c’’ is the concentra- 
tion of the element sought and AS is the difference between density of 
the background (next to the line) and the density of the line of the ele- 
ment (Figs. 1 and 2). These nomograms are straight lines within the } 
following limits of the concentrations: 5x 10°? to 7 x 10°?% for Rb; 
3.5 to 10% and 1.3 to 10.5% for potassium, for lines 6911.3, 6938.98 A 
and 7698.98, 7664.91 A respectively. Densities of Rb lines 7800.23, — 
7947.60 and K lines 6911.3, 6938.98 A were measured in the original 
spectrum without the reducer. The reduced part of the spectrum was 
used in measuring densities of the K lines 7698.98, 7664.91 A. The 
background of the spectrogram was measured always in the original 
spectrum. Relative errors of the analyses, as shown by replicate 
measurements, were + 8% for Rb and + 7.4% and + 9.4% for K, lines © 
6911.3, 6938.98 A and 7698.98, 7664.91 A respectively. Most of the de 
terminations of K were done by means of lines 6911.3 and 6938.98 A; 
lines 7698.98 and 7644.91 A were used only when the samples were _ 
diluted 3-fold with albite, as in the analysis of muscovites, lepidolites, 
and rubidium-rich microclines. 
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Standards were prepared from a8 
icrocline in which K and Rb 
sre determined previously by J 
> flame photometer. This 
icrocline was diluted with 
bidium-free albite containing 
Own amounts of potassium, in 
der to obtain the desired se- 
ence of lower concentrations. 

The results are presented in 
> table. ; 

The results are interpreted 
follows: 

1. Potassium is, 7.84 to 
.74% and rubidium is 0.1 to 
5% in microclines from peg- 
titic veins of different com- 
sition. 

2. The K/Rb ratio varies 
ym 106, in microclines from 
smatitic veins in the north ti) +05 +40 gl 
d northwest parts of the peg- 
ttitic field, to 7.0 in micro- 
nes from pegmatitic veins 
the southeast part of the 
ld. If we plot the Rb content on the abscissa and the K/Rb on the 
jinate of a diagram (Fig. 3), four areas may be recognized, as was 
ind for the Rb/Cs ratio, in an earlier publication. 

Area I; K/Rb = 36 to 106; the highest one of all; microclines from 

» northern and the northwestern sections of our pegmatitic area, the 
crocline and the biotite from the porphyry granite along the lower 
noi, and the coarsely crystalline white microcline from the 
rmansk area. 

Area II; K/Rb = 23 to 36; microclines from the border zone in the 
thwestern part of our area, the microcline from the neighboring 
rmatitic area, and amazonite specimens from the pegmatitic veins 
Ural and Transbaikal. 

Area Ill; K/Rb = 15 to 23; microclines from the blocky and inter- 
diate zones of the zoned pegmatites and microclines from the re- 
cement units of the southern and southeastern veins. 

Area IV; K/Rb = 4.6 to 15; microclines from pegmatitic veins in 
ich the replacement units are extensively developed. 

3. The K/Rb ratio in microclines from the eastern and southeastern 
tions of our area decreases from the border toward the core, as 

m 26 to 15 (Fig. 4). 

Thus we observe a relative enrichment of rubidium on transition 

m the earlier and simpler pegmatites to the later ones, i.e., the 


Fig. 1. Nomograms for determination 
of rubidium in microcline by the line 
7800.23 A. 
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complex, differentiated, and the INS 
rare metal-rich pegmatites, in 
harmony with the theoretical 05 


deductions regarding the accu- 
mulation of rubidium in the end- 
stages of the process of pegma- 
tization [ 1, 3, 4, 5, 6, 7, 8, 9]. 
Progressive and gradual en- 
richments of this kind, in the 
pegmatization, is observed also 
for a whole series of other rare 
elements, such as Li, Cs, Ta, ee) 
[10, 11]. It has been also noted 

that the K/Rb ratio in micro- 

clines from pegmatitic veins 

which belong to certain definite 0 
stages of the pegmatization pro- 
cess and involve paragenetic 
associations of the same kind, 
remains fairly constant, thus Oo aes 
enabling us to form an opinion : ‘ 
regarding mineralogic com- Fig. 2. Nomograms for determinatio 
position and structures of the of potassium by the lines 6938.98 and | 
pegmatite in question. 7698.98 A (I). 


20|- 


ll. THE K/Rb RATIO 
IN MICAS 


We determined the K/Rb ratio in9 samples of mica. The determina 
tions were quantitative-spectrographic, like the analyses of microcline} 
The results are reported at the end of the table. There are several ge 
erations of muscovite and lepidolite in the pegmatitic dikes of the Kola 
Peninsula. 

The following generations and varieties of muscovite are found: 

(a) muscovite in large sheets, generations I and II; (b) fine-scaly mus4 
covite; (c) cryptocrystalline muscovite; (ad) pink muscovite; (e) pale 
pink muscovite, grading into greenish. 

We determined potassium and rubidium in: two specimens of the 
sheet muscovite II, the later generation (analyses Nos. 51, 52 in the ta 
ble) which is accompanied by minerals typical of the replacement zone 
the fine-scaly muscovite from a dike in the central section of the peg- 
matitic field (analysis No. 53 in the table); cryptocrystalline muscovite 
pink feathery muscovite (analysis No. 50). The results show that the 
K/Rb ratio decreases also in muscovite on transition from the pegma 
titic dike in the center of the field, where this ratio is 1.27, to the peg 
matic dike in the southeastern section of the field where the replacemen 
units are developed extensively and where the K/Rb ratio is 4.9 to 6.4 

Lepidolites are found chiefly in the southeastern dikes of the field, 
in paragenetic associations typical of replacement units. 
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ig. 3. Diagrams of Rb contents and K/Rb ratios in microclines from different 
gmatitic veins: 1-microcline from pegmatitic dikes, NW section of pegmatitic 
eld, northern part of Kola Peninsula; 2-microcline from pegmatitic dikes in a 
sighboring field; 3-microcline from pegmatitic dikes, central part of the peg- 
atitic field under the present investigation; 4-microcline from the ‘‘bog’’ peg- 
1atite dike; 5-microcline from zoned pegmatite dike of the southeast of the 
orthern part of the Kola Peninsula; 6-microcline from pegmatite dike in the 
utheast of the pegmatitic field with a strongly developed replacement unit; 
microcline and biotite from granite in the area along the lower course of 
anoi River and coarsely crystalline microcline from Murmansk area; 8-ama- 
ynites from Transbaikal and Ural. Figures at symbols in the diagram refer 
item Nos, of Table 1. 
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Fig. 4. Relationship between Rb and K/Rb in microclines from 
pegmatitic vein No. 2. Figures in the diagram are distances from 
the vein’s contact. 


The lilac-colored lepidolite from a vein with a strongly developed} 
placement zone has the lowest K/Rb ratio, 3.6 to 5.0 (analyses Nos. 44 
47 in the table); this ratio is 5.7 to 7.2 in the purplish lepidolites (anak 
yses Nos. 45, 46 in the table). 

There is a tendency accordingly toward a relative enrichment of 
rubidium in micas, as well as in microclines, from the northwest to th 
southeast of the pegmatitic field, whereas, in the zoned dikes, rubidiuy 
is enriched in micas from the contact toward the core of the dike. 

The general tendency toward a gradual accumulation of the rare 
elements in pegmatites is particularly well exemplified in minerals 
like microclines and micas. In our opinion, this is explained by the 
formation of the pegmatites, which are so enriched from the residual | 
solution-melt, as the result of gradual differentiation. 

In conclusion, the authors wish to thank Academician A. P. Vino- — 
gradov for his valuable suggestions and guidance in this research, as 


well as V. I. Gerasimovskii and E. E. Vainshtein for their cooperation 
in the present study. 


REFERENCES 


1. Ahrens, L. H., W. H. Pinson, and Margaret M. Klarus: Geochim el 
Cosmochim. Acla, 2, 229, 1952. 


we ee ee ew 


we 


—— 


ee ee eee 
. . . 


K/Rb RATIOS IN PEGMATITES 429 


Smales, A. A.: Geochim. el Cosmochim. Acla, 8, 300, 1955. 

Herzog, L. F., and W. H. Pinson: Geochim. el Cosmochim. Acta, 8, 295, 1955. 

Nockolds, S. R., and R. Allen: Geochim. el Cosmochim. Acla, 4, 105, 1953. 

Taylor, S. R., C. H. Emelens, and C. S. Edley: Geochim. et Cosmochim. 
Acla, 10, 224, 1956. 

Jeffery, P. M.: Geochim. et Cosmochim. Acta, 10, 191, 1956. 

Fersman, A. E.: Pegmatily (Pegmatites). Izd. Akad. Nauk. SSSR, Moscow, 
1940. 

Ginzburg. A. 1.: Trudy Mineralogicheskogo Museya. 

Ahrens, L. H.: Geochim. et Cosmochim. Acta, 3, 1, 1953. 

Borovik-Romanova, T. F., and A. F. Sosedko: Geokhimiya, No. 5, 368, 1957. 

Borovik-Romanova, T. F., and E. D. Kalita: Geokhimiya, No. 2, (Geochemistry 
No. 2, pp. 141-150) 1958. 


Received for publication 
April 10, 1958 


GEOCHEMISTRY 


GEOCHEMICAL ZONATIONS IN THE BLYAVA DEPOSIT 
ON THE WESTERN SLOPE OF THE SOUTHERN URALS 


(In Relation to Migration of Elements in the Oxidized 
Zone and to Development of the Weathered Crust) 


L, D. Herman 


Abstract 


The behavior of a number of chemical elements in the zone of oxidation, sor 
fixation forms of these elements, and their distribution in the ore body and in 
host rocks are considered. Separate groups of elements with similar behavior 
have been fixed. A definite trend in the migration processes of elements towa 
dissemination of ore components into the host rocks and separation of individua 
elements at certain distances from the ore bodies has been determined. A sup 
gene zonation has been ascertained for a number of chemical elements around }| 
the ore bodies and ore fields, both horizontal and vertical. The enriched zones 
either co-exist or overlap one another. Geologists may use the studied sequen 
in the distribution of elements among supergene altered rocks as well as the 
mineral composition of zones for interpretations of new areas. The mineral- 
ogical-geochemical investigation gives to the prospecting geologist a rather pr i 
cise idea of the location and depth of the ore-body occurrences and of their con 
position. 


it 
} 


The Blyava chalcopyrite deposit is best suited for studies of the 
supergene alteration of its host rocks, from the mineralogic-geochem 
ical point of view, out of all other known deposits of this kind in the 
greenstone belt of the Urals. This deposit was already studied in 
some detail [8, 9, 10], etc., was fully explored, was exposed to 100 
meters depth by mine workings, was exposed at the surface by an opel 
cut, and was already mined out to a large extent. 

This object of our study has a particular merit, namely, the im- 
mense span of the supergene processes over a wide range of geologic 
time, after the emergence of the main ore body, the Northern Lens, ai 
the surface, that is, from Triassic to modern times. Supergene alter 
ations reach 350 to 400 m. depths in the ore body itself and 100 to 200} 
m. depths in the host rocks. It becomes possible, therefore, to ob- 
serve the end stages of the migration and fixation of substance in the / 
upper horizons of the deposit while observing their earliest stages in } 
the deepest horizons. 

Moreover, both in the mine workings and in the open cut, there was 
an opportunity to collect materials characteristic of the modern mi- 
gration of chemical elements in the oxidized zone (mine waters, 
modern incrustations, efflorescences, rocks and ores altered by 
saline weathering, etc.). 


LI 
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The author’s aim in the present study was to put to use all of the 
‘emendous body of field data and observations accumulated by mining 
sologists and explorers, as well as his own long working experience 
bout 15 years) in the Blyava District.* 

As a result, we arrived at certain relationships in the distribution 
elements in the host rocks, during supergene processes, whereby 
© consequent mineralogic-geochemical zonation in rocks surrounding 
ie Blyava deposits was made manifest. Let us consider only certain 
sneralized findings in our studies, within the scope of the present 
10rt article. 


GEOLOGIC ENVIRONMENT 


Like other pyritic deposits of the Urals, the Blyava is situated 
nong the rocks of the spilite-keratophyre formation [A. N. 
avaritskii, 4], in the confines of the greenstone belt. The largest 
*e bodies are associated with contacts of the larger keratophyre- 
illite massifs and areas abounding in tuffs and tuff-breccias which 
*e tectonically the most weakened areas. There is no excluding the 
yssibility that tectonics played a major part in localizing the ore 
dies. The ore bodies are conformable with their host rocks as a 
le. They dip at 70 to 80° to the west or the southwest in their upper 
wrizons, but only at 45 to 20° in their lower horizons, which is an in- 
cation of a flattening-out of the ore bodies in depth. 

A genetic relationship of the ore bodies to the intrusives (quartz 
ratophyres) is still controversial, although from the practical point 

view the assumption of such relationship is useful in prospecting, 
nce no economic mineralization could be proved so far in the ab- 
mce of the quartz keratophyres. 

A weathered crust, not more than 30 to 40 m. below the level of the 
e-Jurassic peneplane, was found during prospecting and exploration. 
lis weathered crust sinks to greater depths at contacts with the ore 
dies, where its conspicuous expression is in fragmentation and in 
gradation of the rocks to the clayey state. There is a clearly de- 
1ed vertical zonation and a well developed oxidized zone in ore bodies 
tcropping at the surface. The structure of the oxidized part of the 
rgest ore body, the Northern Lens, is characterized by a downward 
quence of the following sub-zones: 

a) The subzone of iron oxides and hydroxides represented by hydro- 
matite, hematite, goethite, and hydrogoethite, with subordinate quan- 
ies of jarosite, quartz, gypsum, and barite. 


sectrographic, chemical, dithizone, optical, thermal, X-ray, electronic, 
minescent, isotopic, and other examinations of his materials were performed 
y the author at the Institute of Geology of Ore Deposits, Petrography, Min- 
ralogy and Geochemistry, Academy of Sciences of the USSR, under the direc- 
on of J.J, Ginzburg. 


432 L. D, HERMAN 


b) The subzone of jarosite, with a small quantity of opal, quartz, 
and gypsum. 

c) The subzone of a loose flint-gypsum material consisting of gyp- |) 
sum, opal, quartz, native sulfur, barite, anglesite, jarosite, destinezite) 
and more rarely, pyrite, iron hydroxides, silver halides, phosphoscor-} 
odite, and other minerals. 

d) Interlayers of covellite and native sulfur between subzones c) 
and e). 

e) Inclusions and veinlets of cuprite and native copper in host rockst 
coinciding hypsometrically with the interlayer of covellite and native 
sulfur above the ore body; extensive development of gypsum veinlets, 
tenorite, red and black copper ores, magnetite, martite, etc. 

f) The subzone of a pyritic loose material and of porous pyritic ore}} 
with local clusters and ‘‘nests’’ of native sulfur and covellite. 

g) The subzone of sulfide ores with large amounts of secondary sul i 
fates and sulfides. An abundance of secondary supergene iron bysul- || 
fides and of complex sulfates, especially at contacts with the rocks 
(slavikite, copper copiapite, pickeringite, halotrichite, alum, and many 
others). . 

Not only the ore bodies but also the host rocks were subjected to a 
highly active and prolonged chemical re-working in the course of the 
long and involved history of alteration and transformations of minerals] 
composing the pyritic ore. Asa result, the broad zones of altered 
rocks, so conspicuous in the field, made their appearance. However, 
it was generally difficult to discover the closely confined ore bodies 
within the broad bands of altered rocks and, for that reason, mineral- 
ogic-geochemical studies of these bands was found to be definitely 
useful. 


MIGRATION OF ELEMENTS AND GEOCHEMICAL 
ZONA TIONS 


Some chemical elements resemble each other in their behavior both} 
in their modern and in their ancient migrations, wherein they develop 
clearly defined enrichment zones, and such elements may be grouped 
accordingly under the following categories: 

I. The principal chalcophilic elements: Cu, Zn, S, Fe (as sulfides)4 
IJ. The chalcophilic accessory elements: Ag, Au, Pb, As, Mo, Co; | 
the behavior of Ca and Ba is analogous in the migrations. 

Ill. Lithophilic elements. These elements fall definitely into two 
subgroups: 

a) Ca, Mn, Mo, Fe (in rocks), Si, V. 

b) Mg, Al, Ti, Ni, Co (in rocks) act, in many instances, as if 
they were transitional to the chalcophile group. Mg and Zn espe- 
cially resemble each other, both in their migration and in the for- 
mation of enrichment zones at 100 m. depths below the surface, aS © 
they appear in conjugate fixed forms in efflorescences (epsomite- 
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goslarite). At shallower depths (68 to 75 m.) they are joined by 
iron-maghemite-siderite. 

| IV. Others. All rare and dispersed elements are referred to this 
jroup. Here, also, two subgroups may be clearly distinguished. 

a) Elements whose role is insignificant or obscure, whose man- 
ner of fixation, as minerals of the oxidized zone, has been neither 
studied nor ascertained: Sc, Sr, Zr, Cr, Ni, Cl, Br, I. P also be- 
) longs to this subgroup; although, for some local reason at the 
* Blyava, P is sufficiently abundant in the oxidized zone to form thick 
) (12 in.) accumulations of destinezite [Herman, 3], its role is not 
} entirely clear. 

b) Elements accompanying the ore bodies: In, Sn, Bi, Cd, Sb, 

_ Co, Se, Te, Ge, Be. Asa rule, these elements have a very limited 
/ mobility and they are not subject to a far-flung dispersion in the 

' host rocks; they are fixed in minerals within a few tens of meters 
! from the ore body. Their value in geochemical prospecting for 

\ pyrite deposits is considerable, for that reason. Germanium and 
« beryllium are not characteristic of the Blyava, however, and are 

} found but rarely in the district. 

i Let us consider now in brief the characteristics of the groups here 
jnumerated. 


The Principal Chalcophilic Elements 


| S, Fe, Cu, Zn, the main constituents of the ore body, belong to this 
-oup. 
| The common and essential features of these elements are as fol- 
‘ws: a) their abundance in the ore body or in some of its parts; 

| their tendency toward dispersion in the surrounding rocks in oxi- 
zing environments; c) their repeated solution, redeposition, and 
figration within the ore body and especially outside its boundaries; 
their capacity to form easily soluble compounds and to be precipi- 
hited from solutions. 

) Sulfur of the sulfides, in supergene processes, undergoes succes- 
if ely all stages of the oxidation, from the sulfide to the elemental 
iifur, and on to the sulfate: S* —- (S,)? + S°_+S**_- S**. There is 
so a redistribution of sulfur in the ore body, related to its enrich- 
jent in the upper part of the leached zone, as well as in the hanging 
|hll of the ore body within the leached and the cementation zones. 
icondary bisulfides of iron and native sulfur are so derived. More- 
fer, there is no excluding the possibility that thiosalts of iron play a 
Jajor part in the redistribution of sulfur—the derivates of thioarsenic 
/id, which is the strongest oxidizing agent in oxygen-deficient en- 
conments (sulfur takes on the function of oxygen in thio acids). It is 
jobably for this reason that supergene iron bisulfides contain from 
aths of one per cent to several per cent of arsenic. There is a for- 
Jation of unstable S** compounds, as indicated by the accumulations 
the sulfurous gas in mine workings. And, finally, the abundance and 
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the effects of Pol compounds are immense. The abundance of sulfatey 
in the ores and in the host rocks, the easy solubility of these com- | 
pounds in natural waters, and the presence of appreciable quantities |) 
free sulfuric acid (up to 88.2 g/liter, and more), conducive to solutio}j 
of most of the compounds originating in the oxidized zone, all these 
factors serve to explain the active migration of sulfur beyond the ore 
body boundaries and its dispersion in the host rocks. In the footwall 
rocks, the movement of sulfur as SO extends farther than 100 m. 
away from the ore (it was not studied in detail beyond this range). Inti 
the hanging wall, the migration of sulfur falls off at 50 m. distance 
from the ore, because of the neutralization of ore acid waters by carf 
bonate veinlets and by amygdaloids in the diabase. The host rocks an! 
disingrated by the sulfur-bearing acid waters and are converted into i 
monothermite,* hydromica, kaolinite, or halloysite clays. Thus tre-} 
mendous quantities of iron and aluminum sulfates, as well as of alka 
lies, are laid down, forming strong enrichment zones of jarosite and |} 
opal-jarosite in the rocks of the hanging wall (basic rocks) and of 
aluminite and alunite in the footwall (acid rocks). Idealized positions} 
of sulfur-rich and iron-rich zones are shown in Figure 1. 

Iron is active in the migration processes and, together with sulfu 
forms the bulk of 
the salts in the 
mine waters on 
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within the ore Fig. 1. Zones enriched by sulfur and iron: 1-iron-oxid 
body is analo- Sulfate zone (jarosite) ; 2-oxide-iron zone (iron gossan) 
Pomectotne kee 3-sulfate-sulfide zone enriched by sulfur and ferrous i 


; : : 4-sulfate-calcium zone; 5-sulfate-zinc-magnesium- 
Be das of aluminum zone; 6-sulfate-ferrous iron zone; 7-sulfate-} 
suilur. There 1s aluminum-calcium zone; 8-flint-gypsum loose materialh 
a formation of 9-deposition of iron in fissures. 


**“Monothermite’”’ is discredited outside the USSR; it is probably a fine-graine} 
mixture of kaolinite and hydromica or ‘‘illite.”’ eo lee 
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secondary iron bisulfides which may be precipitated, in places, even 
ulter the precipitation of supergene sulfates which is an indication of 
ocal reducing environments. The secondary character of such iron 
nisulfide was established not only by polished section studies but also 
oy the isotopic composition of the sulfur in the specimens [Vinogradov, 
1], as well as by measurements of the thermoelectrodynamic capacity 
pf the crystals by means of the ‘“‘pyritic geothermometer’’. 

, Together with the active departure of sulfate iron outside the bound- 
ries of the ore body, there is just as active removal of iron from the 
;ost rocks near the contact with the ore. The corresponding iron- 
‘nrichment zones are asymmetric with respect to the ore body (Fig. 1). 
Whey are practically next to the contact, in the hanging wall (the opal- 
rosite zones), alongside the ores, together with silicon and sodium, 
Vhereas in the footwall there develops a certain differentiation of the 
yubstance: ironstones and ferruginized rocks are formed in the oxi- 
€ized zone (in the part next to the surface); farther down, the rocks 
Secome enriched by iron sulfates; still deeper, in the zone of cemen- 
dition, supergene iron bisulfides are formed from sulfate solutions. 
he reduction of the sulfated solution, with the resulting formation of 
fon bisulfides, is especially intensive in the tuffs of the footwall, 

‘ hich had been decomposed into monothermite clays. The near- 
sntact zone, enriched by the secondary iron bisulfides, is not exten- 
uve. This zone may be regarded more plausibly as a ‘‘smear halo”’ 
f the ore body itself to which the vagueness of the eastern contact of 
Ge ore body with the surrounding rocks may be attributed. In addi- 
yon, there is another iron-enrichment zone, 90 to 100 m. from the ore 
dy, which is expressed in abundant adhesions of iron oxides in fis- 
sures of the bleached and leached keratophyres near the surface and 
wr iron sulfates, as well as by the secondary pyritization of the rocks 
] 100 m. below the surface (the iron-enrichment zone, in this latter 
“.se,** is closer to the ore body, i.e., is about 70 to 80 m. away from 


4 rved only in the zone of secondary enrichment, especially in the 
sjotwall, where its content is 1.5 to 2 times as high as in the primary 
ie, up to the maximum of 30%, in places. Quantitative aspects of the 
Bhi gration of copper are as follows, as, for example, in the case of the 
frthern Lens of the Blyava: In 1941, by a cementing installation at 

ot mine, 20% copper, as of the total exposed reserves of copper, was 
oitracted from dilute waters of the mine. Comparisons of average 
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copper content of ore blocks and layers, as determined 10 to 15 yearg) 
apart, indicates an average removal of 23% of total copper in the ore) 
during this time interval. 

Sulfate is the principal carrier of copper in its migration, and ther 
is a definite relationship between the copper content of mine waters af 
their pH, as well as the general character of their mineralization (copy 
per ‘‘highs’’ correspond to the most acid waters). 

The migration paths of copper pass not only through the ore bodieg} 
but through the host rocks as well, where copper minerals (native coy} 
per, cuprite, tenorite, atacamite, malachite, azurite, etc.) form the 
zone of supergene enrichment. This zone extends 10 to 100 m. away || 
from the ore body (Fig. 2) and contains practically no sulfides, while || 
enveloping the massive and the disseminated ore bodies of pyrite andj 
indicating their boundaries. Such zones were observed by us on the 
periphery of the Blyava ore field, at the Komsomolskii, and Razumov} 
skii deposits. The fact that such zones are supergene is proved by 
presence of cuprite and native copper inclusions in diabases of the 
hanging wall of the Intermediate Lens, as exposed by an exploratory 
cross-cut at 100 m. depth below the surface. This Lens is a sunken |} 
northern section of the Southern Lens. For this reason, its oxidized | 
zone (the ironstones) is found at 100 m. below the surface and its 
cuprite and native copper enrichment zone is in the same place as in 
the Northern Lens, in respect to the vertical zonation. Moreover, the 
supergene origin of the copper-enriched zones is indicated by the 
forms in which cuprite, native copper, azurite, malachite, tenorite, 
atacamite, etc. were separated in fissures and veinlets, by their 


surface, g. 473 m. 


g. 405 m. 


g. 373 m. wll 
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Fig. 2. Zones of enrichment by copper and zinc: 1-copper enrichment zone! 
2-zine enrichment zone; 3-iron oxide-sulfate zone (jarosite); 4-iron oxide 
zone (gossan); 5-flint-gypsum loose material; 6-precipitated sediments; 7- 
boundaries of ore body; 8-boundaries of the small lens; 9-lens No. 1. 
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aragenesis with gypsum, magnetite, martite, and other iron oxides, 
nd by the positions of these zones in the profile, 

| Zinc is one of the principal economic constituents of the deeper 

res of the Northern Lens. Zinc is practically gone from the upper 
jorizons of the ore body. Because of its tremendous migration capac- 
y, zinc is carried out intensively outside the ore-body boundaries into 
1e host rocks, where it may be retained to some extent, however, in 
ertain clay minerals and iron hydroxides, as zinc carbonate in the 
ontact zones and in the upper horizons of the oxidized zone—an indica- 
jon of the former presence of zinc in the pyritic ores themselves. 
races of zinc remain in the host rocks, as the minerals here enumer- 
ted, forming relatively zinc-rich zones in these rocks. Such zones 

Ire much broader than zones of the other minerals, especially at 100m. 
2low the surface and at greater depths. They coincide, in space, with 
se zones of enrichment by iron, aluminum, copper, and manganese, 
ich is an indication of the wide pH range wherein the precipitation of 
fnc is possible. The enrichment of zinc in the rocks of the hanging 

3 1 and in the ironstones is due to the carbonates. In the rocks of the 
otwall, on the contrary, zinc is rarely found. 

} A part of the ore body outcropping directly at the surface proves to 
» practically zinc-free, whereas another part of the ore body, under 
“©e Overburden protecting it from the descending surficial waters, 
s,0ves to be enriched in zinc. This small part of the preserved ores 
stifies to the colossal scale of the migration of zinc outward from the 
Je body and to its dispersion in surrounding rocks. 

@ Positions of the zones enriched by the elements of Group 1 are 
own in Figures 1 and 2. These diagrams are profiles through the 
iper part of the Northern Lens ore body, to the depth of 150 to 200 
fi2ters. The profiles pass roughly through the center of the Lens, 
@uthwest to northeast, and across the extent of the ore body. The en- 
@hment zones of individual elements, indicated by different shadings, 
fee shown conventionally and to scale, in the diagrams. Diagrams for 
ner elements in the Group are constructed analogously. It must be 
¥en into account that there are variations in the mineral composition, 
é ‘respect to this or that element, depending on the depth as well as on 
: horizon, constituting its own mineralogic zonations, which are re- 
| ed, in turn, to variations in the physicochemical environments of the 
fiigins and of the existence of the minerals in question. 

In the instance of copper, for example, the enrichment of the ore 
iy to 100 m. depth is due chiefly to covellite and copper sulfate but 
due to chalcocite at greater depths. Rocks of the vas wall—to 
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Thus the principal elements of which the ore body is composed, 
tending to a dispersion in the surrounding rocks, during supergene 
processes, form perfectly well defined geochemical zones. This zc 
tion is expressed as a series of successive zones, each of which is 
enriched by some principal mineral containing the principal elemem 
of which the ore body is composed. The zones so enriched by this a 
that mineral or element may overlap each other which indicates 
changes in their physico-chemical environments (e.g., the impregna| 
with gypsum has its beginnings in the ore body itself but comes to ak 
end in the host rocks locally up to 100 m. away from the ore body, 4 
farther. 


II, Chalcophilic Accessory Elements 


only in small quantities in the ore body, are classified as the chaleos 
philic accessories. They resemble each other in their migrations if 
the supergene environments. Barium and gallium also belong to thi i 
group. | 

A limited migration capacity is characteristic of the elements he# 
enumerated, as well as their capacity to form enrichment zones chi¢, 
at the contacts between the ore and the rocks. True, it is only rare if 
that we may observe fixation of these elements in their stable form 
their enrichment is chiefly neomorphic (as ‘‘sweat’’,+ efflores- | 
cence,t in mine waters, etc.) which is an indication of their cont 
ing and intensive migration away from the ore body. There is a sub} 
stantial enrichment of these elements in the neomorphs in the contac 
zone of the Northern Lens footwall at 100 m. below the surface; alre} 
at the 68 to 76 m. depths, the enrichment is confined to veinlets int 
rock.** This fact is an indication that migration of the elements 
here enumerated is continuing at 100 m. but is coming to a standstil 
68 to 76 m. below the surface. Figures 3 and 4 show that the enrich 
ment zones of the accessory elements, in the ore body and in the hos 
rocks, do not extend farther than ten meters from the contact zone. 
measure of their enrichment in the hanging wall, as far as 20 to 60 
from the ore, is due probably to the proximity of the Western Lens © 
situated in the rocks of the hanging wall. A comparison of the amour 
of these elements present in mine waters with their amounts in the 
corresponding neomorphs (‘‘sweat’’, efflorescence, veinlets) shows t 
the maximum amounts of these elements in mine waters go side-by- 
side, more often than not, with their absence in the neomorphs. 

Lead (as galena and in barite) amounts to hundredths of one per c 
in the primary ores. The lead content becomes irregular nearer the 


*As veinlets in the altered parts of the rock. 

tThe ‘“‘sweat”’ is liquid gel-like neomorphs. 

The efflorescence is neomorphs crystallized at the surfaces of mine work- 
ings. 


**In the original ‘“‘veinlets and rocks’’; possibly a misprint, judging by the 
context and by the diagrams. VPS. 
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ative sulfur and enrichment zone; 2-lead enrichment zone; 3-iron oxide zone 
#ovellite, as well (gossan); 4-iron oxide-sulfate zone (jarosite); 5-precipitated 
the host rock sediments. 

mntacts, are also 

iriched by anglesite (Fig. 3). 

| The migration of lead is continuous, as is shown by the presence of 
@veral generations of anglesite differing among themselves not only in 
gard to the time of their formation but also in their form and in the 
wze of their crystals. We have examples where the lead content of 
Sine water exceeded the solubility of lead sulfate in distilled water 
#bout 100 mg/liter as against 42 mg/liter). It is believed that a part 

%) the lead in mine waters is present as lead chloride. The migration 

% lead into the host rocks is generally confined to the distance of less 
yan 10 m. but as an exception may be up to 20 m. 

| | Barium may be as high as 2.5% in the zone of the sulfide ores. 
Mnere is a tendency toward enrichment of barium in the ores of the 
@nging wall in the zone of the secondary sulfide-sulfate enrichment. 
tie flint-gypsum loose material, the ironstones of the central part of 
We Northern Lens, and the keratophyres of its footwall are also en- 

Y hed with barium. The maximum of the migration of barium outward 
‘bm the ore body is taking place at this time chiefly into the host rocks 
@ the footwall. Figure 3 shows that the barium and the lead enrichment 


© below the surface, barium migrates farther than lead and produces 
fich broader enrichment zones. Moreover, barium acts entirely dif- 


dvently from strontium in supergene environments, and strontium 
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Arsenic amounts to hundredths of one per cent in the deeper hori- 
zons of the ore body. Its content is somewhat higher in the zone of 
cementation and is 2 to 3 times as high in the tops of the zone of sec- 
ondary enrichment, which makes the ore unsuitable for beneficiation. 
From 100 to 200 m. H3AsO, per liter is present invariably in mine 
waters [Khitarov, 11]. Supergene iron bisulfides are especially en- 
riched with arsenic (up to several per cent). Such enrichment of the 
products of the chemical reactions within the iron and the sulfur cy- 
cles, in the course of the development of the oxidized zone, by 
arsenic may be related probably to the formation of salts of iron }j 
and of thio-acids* of arsenic yielding sulfides of arsenic and iron }) 
on their decomposition. Native sulfur, also arsenic-enriched, was || 
forming in the upper zones, where the access of oxygen was facilil) 
tated, along with the iron bisulfides. There was a time of the 
‘‘brief’? existence of arsenic in solution and of a limited migra- 
tion of arsenic into the host rocks at pH 2 to 3, as well as a 
precipitation of arsenic from the mine waters already at pH 3 to | 
5.2. Consequently, the arsenic enrichment zones in the host rocks 
do not extend farther than 8 to 10 m. from their contacts with thep 
ore body. 

Silver and Gold are present in the primary ores, in amounts comm 
for pyrites (tens of grams of Ag per ton and up to several grams of Aw 
per ton, with the Au:Ag = 1:15 to 20). There is an appreciable body oft, 
literature on migrations of silver and gold in the oxidized zone of the 
Blyava [Shadlun, 10; Kreiter, 6; Rogover, 9] and we shall not consider 


Surface, g.473 m. 
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Fig. 4. Zones of enrichment by arsenic, molybdenum, and 
silver: 1-silver enrichment zone; 2-arsenic enrichment 
zone; 3-molybdenum enrichment zone; 4-iron oxide-sulfate 
zone (gossan); 5-precipitated sediments. 


*Stable only within a narrow range of acid pH [ Nekrasov, 7| : 
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there. We should point out only that the greatest accumulation of 
1oble metals is observed in the flint-gypsum loose material in which 

he Au:Ag ratio is 1:7 to 10, i.e., much higher than in the ore, indica- 
‘ive of the difference in the behavior of gold and silver in supergene 
irocesses and of departure of a certain amount of silver. According to 
1. A. Brodskii [1], the ground waters of Blyava appearing at the sur- 
ace contain traces of silver at distances up to 100 m., and farther, 
irom the ore body. Nevertheless, the silver enrichment zones were 
bserved by us only at the contacts of the ore bodies and in very narrow 
yands over the ore (Fig. 4). We are justified in suggesting that arsenic 
ylays a role in accelerating the migration of gold, on consideration of 
ne gold-gypsum -covellite-sulfur-anglesite-atacamite-and other neo- 
norphs paragenesis, of the absence of gold* in the ironstones (if we 
tisregard the ironstones of the central part of the Northern Lens and 

ie ironstones of the Intermediate Lens at 100 m. depths), and of the 
nrichment of these paragenetic minerals with arsenic. Our finds of 
fisible gold at 15 to 20 m. distance from the contact with the ore inside 
& veinlet of gypsum, where cuprite and native copper were also present, 
ere indications of a substantial migration of gold into the host rocks. 
Molybdenum is present occasionally as traces in the Blyava primary 
@es. Oxidation and the secondary enrichment processes cause a pro- 
t-essive increase in the molybdenum content: up to 0.002% in the zone 
# the secondary enrichment; up to 0.006% in the leached zone and in 

e flint-gypsum loose material. Ironstones of the central part of the 

| rthern and of the Intermediate Lenses contain hundredths of one per 


"| nt of Mo. The presence of molybdenum in mine waters and in neo- 


| 


sorphs is a sign of its migration, although its migration ceases already 
{ 68 to 76 m. below the surface and Mo is fixed in minerals of the 
inlets. Figure 4 illustrates the enrichment of Mo. Molybdenum 
irms areas within the oxidized zone with its 10-fold enrichment, as 
fainst its concentrations in the ore body. 

Thus the zones enriched by the Group II elements: arsenic, molyb- 
snum, silver, lead, and barium (Figs. 3 and 4) embrace only the first 
flw meters of the rock above its contact with the ore. The zones en- 
@ched by lead and especially by barium are somewhat broader in the 
g.eper horizons. The mineral fixation forms are different in different 
ines for different elements: sparingly soluble sulfates (barite, angle- 
te), isomorphous replacements (e.g. of sulfur by arsenic), chlorides 
© sorption products (molybdenum, silver). 

) There are very regular relationships in the distribution of the Group 
“elements in the course of the supergene alteration of ores and rocks 
though the distribution is not always uniform), as well as in their 
istribution in the rocks subjected to the secondary alteration, sur- 


Janes at distances not exceeding 10 to 15 m. away from the contacts 


(ve original is not clear as to whether it is gold or the entire paragenetic 
sup that is absent in the ironstones, VPS 
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with the ore. This is both characteristic of the processes and highly 
important in prospecting and in reconnaissance. 


UI, Lithophilic Elements 


Ca, Mg, Na, Si, Fe,* Mn, V, etc. are the principal members of this} 
group and they behave in a similar manner both in their ancient and in 
their modern migrations. During the oxidation processes within the || 
ore body, the sulfuric acid waters exert a strong action on the contact 
areas transforming them into partly or entirely different rocks that || 
preserve only relict structures of the original diabase or keratophyre+ 
Such transformations always attracted the attention of prospecting geo. 
ogists and were used by them in recognizing the most promising areas} 
in prospecting for ore bodies. 

Since the Group III elements are most abundant in the host rocks as} 
constituents of the rock-forming minerals, the scale of the transforma 
tions is great indeed, of transformations due both to ordinary weather+ 
ing and to decomposition of the rocks by sulfuric acid waters. It is 
important, moreover, that, regardless of the scale of the alterations, 
the process is always in one and the same direction. 

We observe a most drastic interaction between ore and host rocks 
two very different materials—at 100 m. below the surface in the vicin 
ity of Northern Lens of the Blyava. It is here, even now, that we 
observe a most intensive decomposition of the host rocks, the forma- 
tion of new mineral species, the intensive migration of the ore constit+ 
uents away from the ore body, and the accession of the lithophilic 
elements. 

This view is sustained by the somewhat unusual behavior of some 
lithophilic elements, in this particular case, namely such as Mg, Al, 
Ti, as well as of some chalcophilic elements: Cu, Co, Zn, Ni, in their 
mutual association. 

Two subgroups may be recognized among the lithophilic elements of 
Group III by the character of their migrations. One of them consists 0 
Mn, Ca, Fe, Na, Si, V; the other one of Mg, Al, Ti. This second sub- 
group is conjoined with elements such as Zn, Cu, Co, Ni, as if it rep- 
resented a lithophile-chalcophile transition, in its behavior in the 
migrations in the zones of oxidation and weathering. 

Figures 5, 6, 7, and 8 represent the zones of enrichment with re- 
spect to different lithophilic elements. Figure 5 shows clearly that 
Silicon forms an enrichment zone within the ore-rock contact band—a 
shirt of silica, as it were, enveloping the ores. The basic forms of 
Silicon in this narrow zone at the contact are opal, chalcedony, and 
quartz. Farther away, this Si-enrichment zone grades into Opal- 
jarosite in the hanging wall, and into Silicified, bleached, and leached | 
keratophyres and their tuffs in the footwall. Next, the Si-enrichment 
zone is overlain by the aluminum-enriched zone. Alterations in the 


*The iron bound in the host rocks. 
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Moreover, the Fig. 5. Zones of enrichment by silicon and aluminum: 1-sili- 


Mili of the rock con enrichment zones; 2-aluminum enrichment zones; 3-iron 
oxide zone (gossan); 4-precipitated sediments. 


‘Ss halloysitized. 
The zone suc- 
session is just as clearly defined in the rocks of the footwall. Silicified 
varieties of acid rocks are succeeded by a zone abounding in veinlets 

f aluminum sulfates: first, aluminite and, next, alunite which is locally 
¢nriched with halloysite. The bulk of the rock (especially tuffs) is 


Surface, g. 473 m. 


Fig. 6. Zones of enrichment by calcium and magnesium: 1-calcium 
enrichment zone; 2-magnesium enrichment zone; 3-iron oxide zone 
(gossan); 4-iron oxide-sulfate zone (jarosite); 5-precipitated sedi- 
ments. 
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transformed into monothermites and hydromicas abundant in ‘‘nests”’ 
and spots of leuchtenbergite. This zone is succeeded, in turn, by the 
zone of less-bleached rocks which is literally saturated by alunite 
veinlets in its upper part and by aluminite veinlets at 76 m. depth, and | 
deeper. 
Figure 6 represents the calcium and the magnesium enrichment 
zones. It shows that magnesium, like zinc, is abundant only in the lowe; 
horizons and that its principal form of fixation is the sulfate (epsomite)| 
which penetrates and ‘‘soaks’’ the rocks of the lower horizons. 
Calcium, on the contrary, has its enrichment zones in the upper part} 
of the deposit where it forms a broad gypsum-rich band. Curiously, 
gypsum is found everywhere, beginning with the ore and ending with the} 
host rocks at a considerable distance from the ore, whereupon it is 
succeeded by aragonite and, eventually, by calcite. Characteristically, 
to the measure of the distance from the ore body (and, consequently, tof; 
the measure of decreasing acidity), there is a gradation in the crystal 
forms of gypsum, from the selenite-type threads to ‘‘swallows’ tails” 
and flat ‘‘pancakes’’. The same gradation is observed also in the 
carbonates, from aragonite (next to the ore) to calcite. | 
Figure 7 represents the manganese and the alkali (Na and K) enrich-}} 
ment zones. The manganese zone is especially well expressed in the 
diabases of the hanging wall, in the form of abundant black adhesions 
and veinlets within the decomposed loose-grained diabase. The man- 
ganese zone, from the surface down, is not traceable in the footwall 
rocks; a degree of enrichment with manganese may be seen only at 
76 m. depth, and lower. 
The manganese oxide 
zone in the footwall 


a 
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tions at the Blyava, there (jarosite); 3-iron oxide zone (gossan); 4-flint- 
2xists a definite geo- gypsum loose material; 5-precipitated sediments. 
6chemical zonation or 

jrather a mineralogic-geochemical zonation, to the measure of the 
salteration of the host rocks. Silicification, jarositization, impregnation 
iwith gypsum, alunitization, and manganization are particularly well de- 
‘‘ined within the halo of the altered rocks. Knowledge of the succes- 
i3ions in the development of the enrichment zones should help the pros- 
dector and the explorer in a reasonably rapid discovery of ore bodies. 


‘'V. Other Elements 


All elements whose fixation forms are not known are referred by us 
to this group. The following two subgroups may be recognized, how- 
ever: 

1. Elements whose role is either obscure or insignificant. Chromi- 
jum, zirconium, nickel, phosphorus, scandium, strontium, chlorine, 
romine, and iodine belong to this subgroup. We have practically no 
NWata on their behavior in supergene processes. The mineral fixation 
forms are known so far only for phosphorus and for the halogens. 
‘These elements are probably of little interest in prospecting for pyrit- 
c deposits, since they do not yield either conspicuously characteristic 
minerals or any enrichment zones, since their distribution is sporadic 
jand their quantities are small, serving merely to indicate a proximity 
»f this or that kind of rock (chromium, nickel, scandium are associated 
venerally with basic and ultrabasic rocks, etc.). 

| Indeed, phosphorus at the Blyava forms stable compounds with SO?” 
jons (destinezite, etc.), in the specifically local environments, and be- 
tomes fixed in a direct proximity to the ore. We should always keep 
|n mind the possibility of environments, analogous to the Blyava, 
»ccurring elsewhere. 
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| 
2. The second subgroup, comprising Co, Sb, Sn, Bi, Cd, Se, Te, Ge,F 
In, and also Be—the chalcophile companions of the ore bodies-- presenti 
an especial interest in the geochemical prospecting for pyrite deposits} 
Beryllium is atypical for the Blyava, however, and is found there very} 
rarely. Sb, Sn, Bi, Cd, Se, and Te are particularly important, on the 
other hand, because they are not parted from the ore body, in their 
migration, farther than 10 to 20 m. and they function accordingly as 
judicators of the ore body. The capacity of indium to become accumusy 
lated in the veinlets composed of highly dispersed clay minerals and off 
certain sulfates (alunites), in the upper horizons, in direct proximity td 
the ore, is important to remember in geochemical prospecting for de- 
posits of pyrites. It is also important to know that these elements are 
detectable in dry residues of waters only at short distances from the 
ore bodies, not farther than 10 to 20 m. 

Thus the role of the second subgroup of the Group IV elements con- 
sists characteristically of their relatively small migration capacity 
resulting in their local enrichment in certain areas and zones. This 
fact may be utilized in localizing pyritic ore bodies within their broad 
halos modified by the mineralizing metamorphism (including supergene 
metamorphism) of the host rocks. 


PROSPECTING INDICATIONS 


We are justified here, in view of the foregoing considerations, to 
make certain recommendations regarding prospecting for ores in the 
Blyava district, where there are about 30 economically promising 
areas at this time and where there is an abundance of rocks that were | 
altered by the mineralizing supergene metamorphism. These promis- 
ing areas ought to be surveyed geochemically, in order to ascertain the} 
distribution of chemical elements and of minerals in the zones. 

Even a cursory inspection of the erosion-shaped altered rocks near } 
the ores may serve to find indications of an approximate position of an 
ore body. Clearly defined manganese-enrichment zones, at a greater — 
distance from the mineralized zone, are favorable prospecting indica- | 
tions. This manganization is expressed as numerous and locally abun-' 
dant veinlets or adhesions of the black manganese oxides in fissures. | 
There may be even isolated lenses of manganese ore (like in the hang- _ 
ing wall of the Northern and of the Southern Lenses), in the instance of 
some far-advanced decomposition of the rocks. Where the alteration — 
processes are not too far advanced, the manganization may appear in 7 
the form of small ‘‘nests’’, films, and veinlets. The manganese- 
enriched zones are especially well developed in diabases (the Northern 
Lens) and in flinty shales (the Northern and the West-Blyava Areas). — 
The ore may be as far as 200 m., and farther, from such zones (for _ 
example, as at the Yaman-Kasy). 

The copper-enriched zone is the next one and it is generally very | 
much nearer than the manganized zone. The copper-enriched zone is ~ 


; 
i 
| 
: 
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pressed surficially in sporadic but fairly abundant copper carbonates: 
Zurite and malachite in the fissures, as films, adhesions, and veinlets. 
suprite and native copper, in depths, are often in line with these surfi- 
al expressions. The copper-enriched zones are discontinuous but 
sey serve to outline the ore body boundaries, nevertheless, on all 

jdes (both in basic and in acid rocks). 

| The copper- and manganese-enriched zones are observed most com- 
,only on slopes of hills or on the periphery of the water-divides (as at 
¢ Blyavinskoe, Komsomolskii, and the Malachite Trench sites). This 
jay be explained by their positions in the transitional zone, between 

He unaltered and the disintegrated rocks. The disintegrated areas of 
/€ diabase host rocks are also bleached and are enriched with alumina 
ad, to a lesser extent, with silica. The aluminum-enriched zone co- 
cides most often, topographically, with shallow and local depressions 
) the ground. The adjoining zone is enriched by aluminun, silicon, and 
je alkalies. Mineralogically, this zone is represented as follows: the 
te bases of the hanging wall are altered into halloysite or metahalloy- 
te, and moreover, abound in the veinlets of these minerals. Closer 
the ore, this zone is succeeded by the opal-jarosite zone. Jarositi- 
(tion is practically absent in acid rocks of the footwall where the rocks 
‘e intensely alunitized instead. Next to the broad band of bleached 
licified quartz keratophyres (from a few up to 50 m. thick), there lies 
band of rocks that had lost the appearance of keratophyre or of its 

ef and were transformed into a sticky monothermite-hydromica clay, 
'ineycombed by veinlets of aluminite, in direct proximity to the ore; 
vay from the ore, and toward the surface, aluminite is succeeded by 
unite, in the veinlets. At the same time, alunite forms also ‘‘nests’’ 
d spots in the altered rocks and in the ironstones. Alunites in the 
btwall rocks are highly enriched in indium, to the extent of 0.01 to 
011%. Alongside indium, alunites of the Blyava contain about 0.00n% 
|, Ti, and Sc and up to 0.0n% Cu, Ca, and Pb.* Mining geologists 

ight to consider especially the enrichment of the dispersed and of the 
Je elements in the alunites so abundant in the footwall rocks of the 
brthern Lens. Alunites and alunitized rocks may be used as raw 
‘aterials for the complementary recovery of the dispersed elements. 
'The more severely and the deeper were the host rocks decomposed 

| the sulfuric acid waters, the farther away from the ore are the 
ikali-enriched zones (alunite and jarosite). Locally, the alkali zones 
jay be farther than 20 m. away from the ore body. We must re- 
amine therefore the hypothetical Blyava ore field, for example, in 

‘i ces where jarosites were found without any underlying ores. 

i Thus, at the Blyava deposit there exists a horizontal sequence of the 
‘nes enriched with lithophilic elements, to the measure of the dis- 
‘ace from the rock-ore contacts: the zones of silicon, silicon and 
jaminum, aluminum and the alkalies (in acid rocks), iron and the 


ectrographic analyses by 3 different laboratories. 
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alkalies (in basic rocks); there is an abundance of films, ‘““nests’’, and, 
lenses of manganese oxides at the boundaries of weakly altered or al- 
most unaltered rocks. Magnesium is removed almost quantitatively, 
by leaching, from the upper to the lower rock horizons. Calcium is 
fixed as gypsum practically in all zones; the only differences are int 
crystal forms of the calcium excretions. In weakly altered rocks, ten# 
but not more than 100 meters away from the ore, calcium is fixed as 
aragonite; it is fixed as calcite at greater distances. 
There is also a definite zonation in the supergene distribution of thd 
principal chalcophilic elements (i.e., constituents of the bulk of the or 
body); iron (ore), sulfur, copper, and zinc, all of which are character- 
istically highly mobile in the oxidized zone. The halo of their disper-} 
sion is the broadest one and the forms of their fixation in minerals ar@ 
most highly varied but are controlled rigorously by the physico-chemi 
cal environments. The SO? ion combines successively with the fol- }) 
lowing elements in the ore and along its contacts with the rock: a) leag 
(as anglesite) and other admixture elements which are indicators of om 
bodies; b) aluminum (as aluminite); c) aluminum and sodium (as alu- 
nite), or with iron (as jarosite or iron sulfates); d) finally, with calciuj 
(as gypsum), and so forth. Iron is fixed successively, above the ore a# 
at the contacts with the ore, as iron oxides, as jarosite, and—in depth- 
as secondary iron bisulfides and as complex sulfates, especially at the 
contact with the ore body. The bulk of zinc is leached out of the ore Jj 
body, outwards and downwards, leaving only traces of its former pres# 
ence, as in veinlets in the clayey neomorphs, in carbonates, and, more 
rarely, in ironstones. 
AS previously stated, copper is especially useful in prospecting, as} 
it forms enrichment halos defining the boundaries of sulfide ore bodie¢ 
and of disseminated sulfides which constitute also the ore field bound- 
aries. The limited migration capacity of the chalcophilic admixtures 
group makes its member elements especially valuable in prospecting ~ 
for pyritic ore bodies and in defining positions of such bodies in the 
altered zones of the host rocks. Detection of Pb, As, Se, Te, Mo, Ag, | 
Sn, Sb, Bi, as well as of barium in anomalous quantities is an indicatia 
that the ore is not farther than 20 to 50 m. away. | 
Among the rare and the dispersed elements, indium and cadmium 
may be used as indicators. Indium often forms accumulations (tenths } 
and hundredths of one per cent) in alunitized rocks and in alunites at 
distances up to 50 m. from the ore. 4 
There is a vertical mineralogic sequence of the zones of the enrich} 
ment with different elements. The mineralogic composition varies | 
progressively in every zone, from top to bottom. For example, the | 
iron-enriched zone shows the following succession of its minerals: at} 
the top—iron oxides; next--iron sulfates; finally—secondary bisulfides § 
of iron. For the copper-enriched zone: malachite at the top, together } 
with azurite and tenorite; next--cuprite and native copper; finally—sec} 
ondary copper sulfides, first--covellite, and next—chalcocite. In such! 
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eManner, examination of the areas in depth, in mine workings and bore- 
moles, provides supplementary data that make the surficial studies more 
exact. We must keep in mind also that supergene alterations of rocks 
pease at certain depths and that the halo of altered rocks is funnel- 
shaped. 

. The extensively developed ferrugination in fissures and in the rock 
atself camouflages the exact zone boundaries and makes it difficult, on 
the first visual inspection, to ‘‘decode’’ the indications in the field. 

' Iron forms a series of enrichment zones (Fig. 1) of which the main 
pne is the gossan itself which overlies the ore body outcropping at the 
surface. If the ore body is blind, the ferruginized zones may be found 
st an appreciable distance from the ore. Ina case of this sort, spectro- 
%raphic analysis of the ferruginized rocks must come to our aid. 

The following chalcophilic admixture elements are detectable spec- 
jrographically in rocks directly next to the ore body: silver, gold, lead, 
Arsenic, molybdenum, and also barium, indium, tin, bismuth, cadmium, 


t ntimony, selenium, tellurium, germanium. It is not at all essential to 


rove the presence of all of these elements, but only of some of them, 
because their enrichment zones are discontinuous and because their 
mounts in the ore are small. 

|; Breadth of individual zones and their distances from the ore depend 
vhiefly on the intensity and the duration of supergene processes to which 
the host rocks of the ore body were subjected. The halos of dissemi- 
ated sulfides surrounding the ore bodies exert a major influence here, 
/.s they increase the breadth of the bands of altered rocks and cause 
Seplacements of some of the zones. As shown by the example of the 
Northern Lens, the most extensive alteration takes place in the footwall 
ocks, while, in the rocks of the hanging wall, on the contrary, the en- 
sire Sequence of the zonations may be observed in one single pit, in an 
iypen cut (20 to 30 to 50 m. across), although the delineation of these 
ones is probably at its clearest in the hanging wall, if we disregard 
jhe overlapping of the zones enriched with silicon, sodium, and iron in 
‘he opal-jarosite rocks. 

The mineralogic-geochemical method of study of areas under pros- 
hecting should be applied concurrently with mine workings of the light 
\s pe, with drilling, and especially with geologic surveys. 


CONC LUSIONS 


A series of relationships in the behavior of chemical elements and 

their distribution in the ore body and in the host rocks was indicated 

hy our studies of migration of the elements within the oxidized zone of 

e Blyava deposit. These relationships may be summarized as follows: 
1. Three distinctive groups of elements are recognized, in reference 

5 similarities in their behavior in the migration during the supergene 

irocesses. 
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2. Our studies show that there is a definite direction in the migra- |) 
tion processes resulting in a dispersion of the ore constituents in the | 
host rocks and also in a sorting of individual elements at certain dis- 
tances from the ore bodies, depending chiefly on the depths of penetra 
tion of the supergene processes as well as on the environment whereinji 
these processes are operative. External changes in the environmental 
factors (climatic, tectonic, hydrodynamic regime of waters, marine | 
transgressions, burial under marine sediments, thickness of the ore 
bodies, their surficial exposures, character of the host rocks, etc.) 
have major effects on the intensity and the rate of the supergene proc-} 
esses, without affecting their general direction. 

3. There exists a supergene mineralogic-geochemical zonation for || 
a series of chemical elements around ore bodies and ore fields, both || 
vertical and lateral. The discrete enrichment zones may locally coin-} 
cide or overlap each other, while elsewhere they may differentiate 
clearly, depending on the duration of the supergene effects and on the 
intensity of the migration processes. 

4. The succession of supergene altered zones in the prospected 
areas which were investigated geochemically and mineralogically may ¥) 
give a fairly exact idea to the prospecting geologist as to the position 
and the depth of an ore body and of its probable composition. One must 
pay attention, in such conditions, to the fixation forms of individual 
elements in different minerals and mineral species (for example, in thé 
case of gypsum, as one goes away from the ore body, laterally, the 
needle-like and columnar crystal forms in the ore are succeeded by 
veinlets of the selenite type which are followed, in turn, by impregna- 
tions of the rocks with uniformly oriented flat crystals; the latter are 
succeeded by crystals of the ‘‘swallow-tail’’ type and by small flat 
lenses, which, in turn are succeeded by calcium carbonates, first by 
aragonite and then by calcite). Minerals and mineral species are also 
distributed regularly, in a definite sequence, around the ore bodies. 

5. The relationships here shown, in the instance of the supergene 
altered rocks of the greenstone belt in the Blyava district, in the 
vicinity of the pyritic deposits, may be used in prospecting and ex- 
ploration in analogous geologic environments in other districts. 
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Abstract 


The role of iron sulfides in the process of molybdenum accumulation in sed 
mentary rocks enriched in organic matter is being determined. It is shown ex 
perimentally that molybdenum amounting to 70-96% of the total content, accord 
to conditions, is co-precipitated with iron sulfides from solutions whose com- 
positions are approximately similar to natural solutions. The study of natural 
iron sulfides has shown that most of the molybdenum is concentrated in melnik 
vite, apparently in the form of a sorbed sulfide compound. Coarsely-crystallin 
pyrites contain minor amounts of molybdenum, due to loss of molybdenum in t 
aging process. Thus the bond of molybdenum in sedimentary rocks with horiza) 
enriched in sulfides is of a regular character. This regularity is to a certain || 
degree true also for elements associated with molybdenum—Ni, Co, V, etc. 


A large body of data on distribution of molybdenum in sediments of 
the reduced zone (carbonaceous and bituminous rocks) has been accu 
lated in the past decade, chiefly in connection with studies of possibili 
ties of comprehensive utilization of mineral raw materials [15, 17, 18} 
21, 25, 26] etc. This large body of data enables us to supplement and} 
to refine the existing concepts of the relationships involved in the ace 
mulation of molybdenum in the materials in question. The most popul 
view, in this respect, was formulated by V. M. Goldschmidt [18], tot 
effect that the bulk of molybdenum is accumulated as jordisite (MoS2) 
a finely dispersed sulfide, with the participation of hydrogen sulfide; 
this mineral is found in the cupriferous Permian shales of Germany. 
This view implies that organic substance has only indirect influence 0 
the accumulation of molybdenum, acting merely as a source of hydrogt 
sulfide under certain conditions. P. K. Kuroda and E. B. Sandell [21] 
adhere to this same interpretation in their recently published summary} 
of geochemistry of molybdenum, and so do a number of other investi- 
gators [6, 8, 26], etc. | 

The bulk of molybdenum is associated with the light-weight fractior 
consisting almost entirely of organic substance, as is shown by the 
fractional analysis. This fact has led several investigators [9, 25] to} 
the assumption that molybdenum is fixed chiefly in the organic substal 
that is responsible for the accumulations of molybdenum. K. B. Kraus 
kopf [20] also presumes, while studying precipitation of certain rare 


‘ 
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2lements from sea water, that organic substance is paramount as the 
jiccumulator of molybdenum and that the mechanism of the accumula- 
j:ion is adsorption. 

| There arises the following problem: What is the real mechanism of 
}he accumulation of molybdenum--is it the precipitation of molybdenum 
is the sulfide or is it its adsorption by organic substance? Or perhaps 
ire both processes operative in nature but in different environments? 
We shall be able presently to show that the available data lead us to the 
Nelief that there exists only one of these processes which is responsible 
(or accumulation of molybdenum. 

Relationships involved in the accumulation of molybdenum are natu- 
sally more conspicuous in the rocks containing anomalous quantities of 
#his metal. It is of interest, in this connection, that molybdenum 
fhighs”’ in the rocks of the reduced zone are found in horizons more or 
yess enriched by sulfides [6, 21]. Reports of molybdenum ‘‘highs”’ (up 
fo 0.1%) in the pyritic fraction of the rocks here discussed [9, 15] have 
i. direct bearing on the problem in question. 

The close association of molybdenum with sulfides in nature, to- 
ether with its chemical properties, namely, its inability to be precipi- 
ated directly by the sulfide in marine environments (pH 7 to 8), on 
¥ccount of the formation of easily soluble thio compounds of molybde- 
ffum, give us sufficient reasons for supposing that the co-precipitation 
if MoS, and FeS, is by no means a minor factor in accumulations of 
‘iolybdenum. In order to test this supposition we investigated experi- 
fiientally the co-precipitation of molybdenum and iron sulfides. 


EXPERIMENTAL PROOF OF POSSIBILITY OF CO-PRECIPI- 
TATION OF MOLYBDENUM AND IRON SULFIDES 


} Data on this possibility are very scarce in the literature. It has 

feen established empirically that the co-precipitation may indeed take 
wlace, provided the solubility product of the co-precipitating component 
5 smaller than the solubility product of the collector [13]. The co- 
frecipitation of molybdenum with iron sulfides is entirely possible from 
luch point of view. However, K. B. Krauskopf [20] pointed out that the 
to-precipitation of molybdenum and its close associates (Ni, Co, V) 

Jith FeS, is a minor factor in the accumulation of molybdenum by rocks 
Yich in organic substance. It is not quite clear just what Krauskopf did 
fave in mind, but experiments by other investigators, together with 
Vertain facts, show the opposite of his conclusion. Thus it has been 
iemonstrated that nickel may be accumulated from dilute solutions by 
b-precipitation with FeS, [13]. The same possibility exists also for 
Violybdenum, as may be inferred from the experiments performed by 
fie author. As to cobalt and vanadium, examples of their “‘highs’’ in 
iivrites from naturally formed materials [1, 8] are indicative of the 
Wrobability of their accumulation in sediments by means of co-precipi- 
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The co-precipitation phenomena were studied by different investiga 
tors from the analytical-chemical point of view [5, 10, 11, 13, 19], etep 
The problem is still obscure in the geochemical literature and itis © 
necessary, for that reason, to consider here certain fundamental prop}; 
ositions in brief. The co-precipitation is regarded as a “‘drag’”’,a_ || 
capture of various admixture elements by a precipitate in the course qj 
its formation, with the understanding that the elements so captured doy 
not form independent precipitates, in the given environment, but form j 
colloidal or true solutions instead. The capture of the admixtures mak 
be contingent upon different mechanisms among which, in nature, sorp f 
tion and ionic exchange are apparently the most common ones. The cq: 
precipitated trace elements may be held by the adsorption forces or | 
may form solid solutions or chemical compounds with the sediments. | 

In our experiments, the sediment in question was FeS, and the cap 
tured admixture was molybdenum which cannot be precipitated inde- 
pendently by hydrogen sulfide from solutions at the pH levels (4 to 9) 
that are characteristic of natural processes. The trace elements (Co, 
Ni, V, Cu, Mo, Tl, etc.) in nature may be termed the co-precipitated 
admixtures that are present in iron and manganese ores, pyrites, 
galenas, and other minerals. The co-precipitation is influenced by 
relative proportions of the admixtures and the collectors, by their 
absolute concentrations, by temperature, time, presence of other ions) 
and pH of the solution. Co-precipitation is highly significant in the 
distribution of the rare elements at high temperatures and pressures | 
[16 ]. | 


METHODS 


The precipitation was carried out from 1-liter volumes of solutions 
containing different amounts of molybdenum and iron: the molybden' in 
standard from ammonium molydate, (NH4)g Mo7Oo4- 4H,O; the iron | 
was ferrous sulfate, FeSO4. An aliquot of ferrous sulfate solution wag 
placed in a 1-liter volumetric flask to which measured volumes of the} 
molybdenum standard were added, as well as sodium hydroxide or sul} 
furic acid (for the desired pH), and other reagents whose effects on thi 
co-precipitation were to be investigated. Concentrations of the hydro- 
gen ions were determined by the lamp potentiometer of the LP type. B 
the resulting solution, at pH > 5, there was a formation of greenish } 
flakes of iron hydroxide which were partially oxidized by the air, judg} 
ing by their brown tinge. It was shown experimentally, however, that } 
the extent of the oxidation of iron has no influence on the results of the, 
co-precipitation. Hydrogen sulfide was passed slowly through the s 3 
pension, after a thorough shaking of the solution, to the point of satu raf 
tion [10]. After attainment of equilibrium, in 2 to 3 days, the suspe -| 
sion was passed through sintered glass filter No. 4, feeding it to the } 
filter through glass tubes connected to the flask, in order to minimize} 
oxidation of the sulfides by the air. Molybdenum was determined in cht 
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frate colorimetrically. Differences between replicate determina- 
ms did not exceed 5%. All experiments were conducted at room 
mperature (18 to 22°C), fluctuations of which had no observable ef- 
sts on the results of the determinations. 

‘It is known that a lowering of the pH takes place during precipita- 
; of sulfides under conditions of our experiments. However, if the 
pejon contains soda neutralized by sulfuric acid to pH 7-8, there is 
lowering of the pH. The mixture of NazSO, and NaHCO; produced 
)the neutralization functions evidently as a kind of a buffer. 


beriment I. Possibility of Independent Precipitation of Molybdenum 
‘Hydrogen Sulfide 


i Ss is known in analytical chemistry, a quantitative precipitation of 
ilybdenum as Mo§; is possible in strongly acid media and is associ- 
jd with appreciable difficulties. This is due to the tendency of 
ilybdenum toward reduction by hydrogen sulfide and to its partial 
nsition into the colloidal state [24]. We were not able to find in the 
‘rature a procedure for a possible precipitation of molybdenum by 
rogen sulfide in weakly acid media, i.e., from solutions resembling 
natural ones (pH 3 to 6). It was made clear experimentally that, at 
| molybdenum content of the solution ranging from 1 x 107° to 1x 

‘ %, in the presence of 30 grams/liter of NaCl, with the terminal pH 
sto 6, after passing H2S through the solution for 20 minutes, the re- 
;is a transparent amber-yellow colloidal solution of MoS3. This 
ition loses some of its transparency after 2 to 4 days storage in the 
ence of air, without yielding any sediment, although it may be co- 
lated by large amounts of an electrolyte (100 to 150 g/l NaCl). 

bility of the colloidal MoS; solution increases markedly at a more 
juline pH. Thus at pH6, there was no sediment obtained from the 

53 colloidal solution after one month and a half, whereas the same 
ition at pH3 produced a sediment, a gel, on the fourth or the fifth 
of storage. 

iit is known that easily soluble Hiremiolybdates are formed in alkaline 
lia after passage of hydrogen sulfide through solutions containing 
e- ions [24]. They are formed by a gradual replacement of the 

zen by the S* ion: NagMoO,S —~Na,MoO.S2—~NazMoS,. We showed 
2 rimentally that the formation of thiomolybdates is characteristic 

) for solutions resembling natural solutions in their properties at 
.2 and still more alkaline. Salinity of the test solutions in which 
ithiomolybdates were observed was as follows: 20 g/1 NaCl; 6 to 8 
Na2SO.; 3 to 5 g/l NaHCO;. As stated under ‘‘Methods’’, this 

ture inhibits the lowering of the pH after a passage of hydrogen 
ide. In such manner, at pH about 6 and in the presence of HS, 
wbdenum forms stable colloidal solutions but forms easily soluble 
molybdates at pH 7.2 and higher. Consequently, molybdenum can- 
ipass into the sediment independently. 


a 
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Experiment II, Co-Precipitation of MoS, and FeSp in Solutions 
Without Electrolytes 


The quantities of iron in our series of experiments were 0.2 and 
0.02 g/l (i.e., 1.0 and 0.1 g FeSO,: 7H,O) or 2x 10°? and 2x 10° *%. 
The quantities of molybdenum varied from 107° to 10°? g/1 or from 
1x 107° to 1x 10°°% correspondingly. The greenish flakes of ferro 
hydroxide forming on the alkaline side of pH5, under the experimenta] 
conditions, together with the ferric hydroxide derived from the ferro 
by oxidation, adsorb 82 to 90% of the molybdenum. However, there ist 
a desorption of molybdenum, on the passage of H2S, followed by a for 
mation of a colloidal solution of molybdenum trisulfide atpH < 7 or i 
formation of thiomolybdates at pH on the alkaline side of 7. This couk 
be proved in the following manner: If, one hour after the passage of 
H.S and of the formation of the black iron sulfides, the filtrate of the | 
suspension is examined, its color will be characteristically the color 
of the colloidal MoS; or of the thiomolybdates, while if the filtrate is 
examined after attainment of the equilibrium, it will prove to be colox 
less. Colorimetric analyses of the colored filtrate show the presence 
of 70 to 76% of the molybdenum in the original solution. Thus we are# 
dealing with a sequence of precipitations, in our experiments, brought 
about apparently by interactions between two sols of MoS, and FeS,. || 
Although the kinetics of this process was not studied in detail, we we1 
able to show nevertheless that it takes about 20 hours for the equilib- 
rium to be established. 

The co-precipitation of 10 to 1000 micrograms/liter of molybdenu 
(10°° and 10°°% respectively) with either 0.2 or 0.02 g/l of iron is 
practically quantitative, at the terminal pH6, since no molybdenum is# 
detectable in the filtrate within the sensitivity limits of the colorimetf 
ric method. Under the same conditions, with 0.2 g/l iron and 1 x 10° 

| 


| 


molybdenum, the percentage of the Mo co-precipitation is 98.5, but it 
is only 91.3 if the iron is one-tenth of the former amount, i.e., 0.02 gf 
The most convenient amounts of iron and molybdenum, 0.2 and 1 xp 
10°? g/l respectively, were employed in ascertaining the relationshipf 
between the pH and the completeness of the co-precipitation. The re# 
sults are presented in Table 1; the pH of the solutions, here and later) 
in the report, refer to solutions after the passage of H.S. 
According to Tabie 1, the per cent co-precipitation ranges from 
97.2 to 81.5 within the pH limits of 5.3 to 8.7. The minimum of the cé 
precipitation, 81.5%, is observed in the alkaline medium. This may H 
explained best by the formation of soluble thiomolybdates in such en- 
vironments instead of the colloidal solutions that are formed in weakly 
acid media at pH < 7.0. 


' 
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Table 1 


Present in solution, 
g/1 


pH of 
solution 


Amount of co-precipitated Mo 


1c a 0.2 5.3 0.00972 
1 x 107? 0.2 6.8 0.00904 90.4 
8.7 


0.00815 81.5 


Ixperiment III. Effect of Electrolytes on Co-Precipitation 


We know that solubility of different compounds depends also on salts 
cesent in the solution. It became necessary therefore to ascertain 

1is effect on the co-precipitation of the constituents here discussed. 
‘he salts were chosen on the basis of the V. V. Krasintseva’s studies 

: the ground waters from Tertiary sediments [7], on the assumption 
iat such composition is characteristic of the diagenetic stage, on the 
st approximation. The experimental conditions and the results are 
fated in Tables 2 and 3. 

' On consideration of Tables 2 and 3, one may see that the amounts of 
 cO-precipitated molybdenum increase parallel with the amounts of 
yon. If, at pH 6.4, there is 1 x 10°°% Mo in the solution, in the pres- 
fice of 0.02 g/l Fe (Table 2) the per cent of co-precipitation is 69, but 
is 98 at 1¢/1 Fe, all other things being the same. 

" The same relationship is also observed at different pH levels and at 
lalitatively different salinities of the system. Thus the data in Table 
show that at pH 7.8, as the concentration of Fe increases from 0.02 to 
80 g/l, with Mo being constant at 1 x 107° g/l, the per cent co-precipi- 
tion increases from 70 to 93. Moreover, there is also a certain de- 
pease in the amount of the co-precipitated constituent at increasing 

1, which is most likely due to the formation of colloidal solutions of 
(oS; in weakly acid media and of thiomolybdates in alkaline media, as 
Sready stated. The amounts of co-precipitated molybdenum increase 


Table 2 


Amount of co- 
precipitated Mo 


Electrolytes, 
g/1 


pH of 


6.9 x 1074 


30 ; NaCl 7.8x 10-4 | 78 
‘ 9.8x10- | 98 
s 7.51073 | 75 
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Table 3 

4 

Present in solution, pH of Electrolytes, Amount of co-4 

g/1 | solution g/1 precipitated MI 

Mo Fe 
ix lO 0.02 6.9 20 ; NaCl 852 610s 
i105 0.02 7.8 - 1.0 ol Ome 
exe Ome 0.20 6.9 6; 8; Na,So, 8.9 x 10-4 
0s 0.20 Tete} - TOX1L0S 
eallOns 1.0 7.8 3; 5; NaHCO, 9x3 10s 
| oO 0.2 eps - 9.9 x 10-5 
il 


in the presence of NaHCO;, which may be due to the capacity of soda } 
to absorb HS, which, in turn, results in increased concentrations of 
the S?- ions in the solution. This capacity of aqueous solutions of sodi 
is utilized in industry in the liberation of the coking gases from hydre 
gen sulfide [4]. Consequently it is not the pH of the solution, but the | 
presence of sodium bicarbonate by which the marked increase in the 
concentration of the sulfide ions is brought about, that exerts the mos} 
important influence on the co-precipitation. This is especially to be 
remembered, because an analogous phenomenon may be operative al 
in natural processes, as has been pointed out by several investigators 
in regard to the formation of alkali carbonates, as intermediate diagem 
etic products from CO, produced by organic substance [7]. 

Our experiments serve to demonstrate, in such manner, that the 
molybdenum ‘‘highs’’ in sulfide-rich horizons of sedimentary rocks 
are not accidental but are explainable rationally by the co-precipitati¢ 
of molybdenum with FeS,. 

The quantities of the co-precipitated constituents may either de- 
crease or increase during aging of the sediment (FeS,). Although the 
were no separate experimental studies of the behavior of molybdenur 
during aging of iron sulfide, its behavior may be ascertained indirectl 
by observations in nature. With this purpose in mind, we isolateda | 
finely dispersed iron sulfide (melnikovite) from a sooty horizon* of 
Tertiary sediments, by centrifuging the sediments in bromoform (sp. 
gr. 2.8), not without an admixture, of course, of some other finely 
dispersed minerals. Chemical analysis showed 41.1% iron sulfide an¢ 
18.6% of the admixtures of other minerals. The proportion of the ad- 
mixtures, most of which were terrigenic, here shown is markedly too 
low because they could be isolated in their relatively pure state only | 
after treatment with aqua regia for 40 minutes on a steam bath. Natu 
rally, the bulk of the minerals was dissolved under such conditions. 


* “Sazhistyi gorizont’’; a horizon containing black pulverulent substance, like 
severely weathered dust-like coal, by which hands may be stained. In this ca 
the black dusty sulfides are probably meant. VPS 
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xamination of thin sections of the melnikovite powder suggested that 
je mineral fraction amounted to at least 40 to 45%. Curiously it was 
‘so noted that the iron sulfides form envelopes around the other min- 
als, i.e., that the iron sulfides are formed at the surface of the other 
sinerals. There was 0.072% molybdenum in the melnikovite isolated 
# us, but only 8.5 x 10°*% molybdenum in the coarsely crystalline 
rite (0.1 to 3 mm), whereas molybdenum was only 4 x 107*% (aver- 
‘e of 3 determinations) in the pyritic concretions from the same 

oty horizon. Considering the distribution of molybdenum between 
elnikovite and pyrite, in this case, one may be inclined to conclude 

at molybdenum is withdrawn from melnikovite by the aging process. 
jit is it true that melnikovite is indeed different from pyrite by the 

} gree of its aging? In order to answer this question, let us examine 
’w some data on melnikovite from the available literature together 
)th some first-hand observations by the author. 

} It is known that, in the aging process, there is a contraction of the 
fystal structure of the precipitate which is generally accompanied by 
irecrystallization. Depending on the duration of the process, the more 
larsely crystalline particles are the result of the recrystallization. 
sofar as the aging process is characterized by structural changes, it 
;reasonable to compare melnikovite and pyrite by the means of their 
tray diffraction patterns. 

« A. G. Betekhtin [2] believes that natural melnikovite is not an inde- 
ndent mineral because its X-ray diffractions are sometimes like the 
iffractions of pyrite and sometimes like marcasite. However, the 

‘ta presently to be reported dealing with synthetic and natural iron 
slfides make it doubtful whether the finely dispersed melnikovites, 
folated with care by the centrifuge method, could yield the diffraction 
itterns of either pyrite or marcasite. Thus Lepp [22], in his studies 
aging of a synthetic FeS2, reports a diffraction pattern that has 
ithing in common whatsoever with the standard patterns of pyrite or 
larcasite (Table 4). 

} G. Rosenthal [28], in his studies of synthetic iron sulfides, had also 
itained X-ray diffraction patterns that were different from the stand- 
ds. True, he regarded his patterns as anomalous, on account of a 
irmation of a hypothetical alkali-iron complex of the Nas (Fe(OH)Ss) - 
O type. This explanation is not very convincing, however. Even if 
here were such complexes at all, the amount of sodium in solution at 
8 to 10 would be far from sufficient for its fixation in an iron sul- 
e complex, under the experimental conditions (FeS, was produced 
om 5 grams of FeSO, 7H2O, while the sodium content of the solution 
ld not be over 0.2 to 0.5 grams). 

{ In his studies of the products of the co-precipitation, the author had 
so obtained an X-ray diffraction pattern which was different from the 
ndard pyrite and marcasite patterns (Table 4). This pattern, re- 
trted in Table 4, shows no resemblance whatsoever to the pattern 
tained by Lepp (Table 4). Such roentgenometric differences between 
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Table 4 
} 
Synthetic melnikovite Natural melnikovite Standard - | 


According According (Author’s data) | areal 
to Lepp Pyrite be | 


| 


d 


3.80 
3.45 
3.278 
2.96 
2.71 
2.46 
2.09 
2.01 
1.928 
1.89 
1.83 
1.739 
1.561 
1.507 
1.420 
1.283 
1.231 
1.140 
1.102 
1.007 


_ 
OD ND ee tO Oe OO Ole ON | 
1 OONID Orr OW OO Ne 


1 OO bm deo OD ew OO aI OO 


Oo he he OF ONO) a7 Co he OID Oo Be OF Olt Oy O WO OO 


Conditions of record by the author: Fe anticathode; manganese filter; D = 57.3; 
kv; 10 m.a.; alpha-radiation. 

Photography and calculations by A. K. Fedotova, Laboratory of Crystal-Chemisti 
Institute of Geochemistry and Analytical Chemistry. Academy of Sciences, USSK 


the synthetic iron sulfides may be due, in all probability, to the fact 
that only a few days were allowed for aging of the precipitate, in Le} 
experiments, while in ours the aging was prolonged considerably, 
namely, for 35 days. The sulfides of iron were produced from weak 
alkaline media in both experiments; both yielded the patterns of pyri 
upon heating in a sealed ampule. The pattern of melnikovite (Table : 
isolated by us from Tertiary sediments was also different from the 
standard pyrite and marcasite patterns and also from the pattern of 
smythite, a recently discovered iron sulfide [27]. The melnikovite 
here examined contained admixtures of other minerals, but mechani 
admixtures of this sort may only complicate the pattern without affe 
ing presence of either pyritic or marcasitic lines in the pattern. 
The foregoing facts enable us to suppose that, from the moment of 
the formation of hydro-troilite (FeS - nH,O) to the time of its comple’ 
conversion into a coarsely crystalline pyrite, there exists a series 0 
intermediate stages of the minerals, of which melnikovite is one, 
grading one into another in the course of the aging. Consequently, W 
must agree with Lepp [22], in his recognition of melnikovite as an _ 


; 
fi 


t 
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ele 


dependent mineral differing from pyrite in its crystal structures. 

2 must remember nevertheless that melnikovite is one of the most 
able products of the aging of iron sulfide, in the transformation 
ries, from hydro-troilite to pyrite or marcasite. In this connection, 
> Presence of molybdenum “‘highs”’ in melnikovite and the very low 
ybdenum content of pyrite become fully understandable, if we con- 
er that molybdenum is abstracted irom pyrite, during the aging, 

t., during the transition from melnikovite to pyrite. 


CONC LUSIONS 


1. It was shown experimentally that molybdenum is co-precipitated 
h iron sulfide from solutions resembling natural ones in their sa- 
y- 70 to 96% Mo may be so co-precipitated, depending on condi- 
ms of the experiments. This co-precipitation is an important factor 
cordingly in the accumulation of molybdenum in sedimentary rocks, 


Ss is entirely normal. 
2. Molybdenum is accumulated in finely dispersed sulfides of iron 
elnikovite) by a sorption of its sulfide. The almost complete absence 
molybdenum in coarsely crystalline pyrites may be explained by re- 
wse of molybdenum during their aging. 
#. Deductions regarding the preponderance of the association of 
lybdenum with organic substance in coals and in organic shales are 
fmalistic. Their error is due to the under-estimation of the pres- 
ice and the effects of the finely dispersed pyrite in the organic sub- 

ace even in a centrifuge. And yet it is in this very kind of pyrite 
iit the molybdenum ‘“‘highs’’ are found, as, for example, in the in- 
ince of carbonaceous-siliceous shales. 
}4. The regular association of molybdenum with iron sulfides in 
Kimentary rocks extends also to include its associates, Ni, Co, and 
fand may be used as a prospecting indication for rare elements in 
fiments, especially since we know very litile about rare elements 
i such, in sedimentary rocks [3]. 
| In conclusion, the author wishes to express his deep appreciation to 


sukoyv, and Yu. P. Trusov, of the Staff of the GEOKhI, whose advice 
iwas following at all times in the present research. 
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Abstract 


In analyzing numerous apatites from various deposits in the Soviet Union, 
the author has paid attention to the character of the isomorphous replacement 
between P, S, and Si. In contrast to ellestadite, in which every two p°* atoms } 
have been accordingly replaced by S°+ and Si*t, in apatite from the Shishimsk § 
mine the Si/S ratio = 1.34 : 1, i.e. an excess of Si not compensated by sulfur 
has been observed (Table 2), which in the author’s opinion has been compensat 
by the replacement of the bivalent O? ion by a monovalent ion (OH). In this 
case the isomorphous replacement may be expressed by the following schemes 
2P°+_,Si4+ S6+ and (3P °+)02+_, (S*+284+) (OH). 

In the apatite from the Madezhnoe deposit, in which P®+ has been replaced 
S®+, and the composition corresponds to the formula Nag Ca4SgQ24C1,, the iso 
morphous replacement corresponds to the scheme: Ca?+P5+_,Nats®t, The 
other apatites from the Aldan (deposit Leglier and Emeldzhak, Table 1) contain 
rare earths and Na along with S and Si. In apatites of such composition the 
following isomorphous replacement is possible: 
2Ca?t_, Nal*+TR3+, 2P5+—s6tsitt, Ca2+ Pt TR3+Si4t+; Ca2t+ P5+ Nal? Some 
Data on specific gravity, refractive indices and lattice dimensions of apatites 
depending on the per cent of the S content in them have been compared in the 
article (Table 5), 


Sulfur in minerals of the apatite group was discovered first by 
Rogers, in quantities up to 12% SOs, in his analysis of a mineral from 
Crestmore, California; the mineral was named wilkeite [1]. 

R. Brauns [2] proved the presence of about 1% SO; in an apatite 
from the mine dumps at Laacher See. All three of Brauns’ analyses, 
one of which is reproduced in Table 1, indicate an excess of calcium 


and a deficiency of the monovalent anions, in reference to the commor 
formula of apatite: 


Cai PeOQ24 (F,C1,OH) 2 . 


Silica was not included in the analysis, and the presence of sodium in | 
his apatite was a surprise to Brauns. He suggested that SO; may be 
replacing F,, Cl, OH, in the apatite structures and that the correspond 
ing pure sulfate-apatite should be represented as 3Ca3(PO.)2- CaSO« 
containing 52.55% CaO, 39.95% POs, and 7.50%SO3. 

McConnell [3] and Ellestad discovered a new mineral, ellestadite, 
during their studies of the wilkeite from Crestmore. This new mineré 
is markedly different from wilkeite in its composition and contains 
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»out 3% P,O;; the rest of the phosphorus has been replaced by sulfur 
id silicon. This places the mineral close to the end of the series. 
ae end-member of the series, according to McConnell, is represented 
‘the formula CaiS3Si3;024(F, Cl, OH). where every two atoms of P** 
‘e replaced correspondingly by S** and Si**. A replacement of this 
pe may be considered as proved and incontrovertible from the point 
view of crystal chemistry because the ionic radii of P®*, S®°*, and 

* are close to each other (0.35, 0.29, 0.39 A respectively), because 
e total number of the ions in the iifice remains unchanged, and be- 
use the balance of positive and negative valencies remains undis- 
bed. 
One cannot fail to notice, on consideration of the analysis of wilke- 
, that Rogers shows no data on Cl or F, and that he finds only traces 
water, although his analysis sums to 100%. Consequently, doubt 
velops as to the reliability of his analysis. A. Eakle and A. Rogers 
] cite also two more incomplete analyses of wilkeite from the same 
ality in which there is considerable variation in P,O;, F, and Cl, 
ich has led McConnell [3] to his conclusion regarding the incon- 
ancy of the composition of wilkeite. It is extremely difficult to inter- 
et analyses of the test materials, especially when the analyses were 
ade more than 40 years ago. We are inclined to believe, neverthe- 
ss, that wilkeite and the subsequently discovered ellestadite probably 
‘ve the same chemical composition and that wilkeite is probably an 
termediate member of the ellestadite-apatite isomorphous series, 
uereas the presence of CO2 in wilkeite probably results from admix- 
e of calcite, which is commonly associated with wilkeite. 
There is a deficiency of the monovalent group in the ellestadite, 
cording to McConnell, as well as in Brauns’ apatite from the Laacher 
e. Both of these authors explain this deficiency by the presence of 
e voelckerite molecule, 3Ca3;(POz)2 + CaO, in their materials. Such 
planations are hardly acceptable, however, and the very existence of 
ch a molecule is now questioned by many authors, including the 
thor of this report [5]. The deficiency of the monovalent anions in 
estadite and wilkeite may be accounted for, it appears, by inexact 
terminations, either of fluorine or of water. 
The problem of mutually isomorphous replacements of P, S, and Si 
been discussed on many occasions, both in our literature and 
road, with different authors arriving at different conclusions. ._Con- 
quently, attention was given to this problem in the analysis of many 
mples of apatite from various sources in the Union. The presence 
sulfur was proved by the author in the instance of three apatites 
m three different phlogopite deposits in the Aldan District and of 
e apatite from the Shishim Mine, Ural. Chemical analyses of the 
iatite group of minerals and of the apatites proper in which sulfur is 
and are reported in Table 1. 
The Shishim apatite had been analyzed by I. D. Borneman [6] in 
‘38, but it was desirable to repeat her analysis in view of the 


466 Z. V. VASILEVA 


Table 1. Chemical Analysis of Apatites Containing Sulfur 


Wilkeite, Ellestadite ] Shishim 
Crestmore, | Crestmore, | Laacher See, | Mine, Leglier, | Emeldzhak, 
Constituent Nesceseeaile California Rhineland Ural Aldan Aldan 
PO, 20.85 3.06 39.66 32.91 40.36 40.54 
SiO, 9.62 LTS n.d. 3.77 0.47 0.40 
so, 12.28 20.69 1.30 3.74 0.53 0.36 
CO; 2.10 0.61 abs. 1.80 abs. abs. 
CaO 54.44 55.18 53.60 55.73 53.54 53.94 
srO n.d.* n.d. n.d. 0.10 n.d. 0.02 
Rare Earths n.d. n.d. n.d. abs. 2.05 1.29 
Fe,O3 n.d. 0.22 1.10 abs. abs. abs. 
Al,O, n.d. 0.13 1.10 abs. abs. abs. 
MnO 0.77 0.01 n.d. abs. abs. 0.02 
MgO n.d. 0.47 0.14 abs. abs. 0.18 
K,O n.d. n.d. 2.70 abs. abs. abs. 
Na,O n.d. n.d. 2.70 abs. 0.35 0.16 
F n.d. 0.57 0.93 abs. 2.56 1.80 
H,O trace 0.63 abs. 1.59 0.28 0.39 
il n.d. 1.64 0.42 0.62 0.81 2.10 
Insol. Residue _ abs. abs. 0.60 abs. abs. abs. 
Total | 100.06 100.52 | 100.45 100.26 100.95 101.20 
Ora - 0.61 0.47 0.14 1.25 1.22 
Sum 100.06 99.91 90898 100.12 99.70 99.98 
Sp. Gr. 3.234 3.068 3.20 3.113 3.209 3.193 
Analyst Eakle Ellestad | Brauns i Vasileva 


*n.d. = not determined 


somewhat unusual composition of the mineral. The two analyses of 
the Shishim apatite agree very well (Table 2) and may be accepted ast 
reliable accordingly. 

The only discrepancy between the two analyses is between the 0.78} 
F reported by Borneman and by the absence of fluorine reported in thf 
later analysis. This may be ascribed to the error in the deter minatiq, 


Table 2. Chemical Analyses of Apatite from Shishim Mine 


+ 
Analysis by Z. V. Vasileva Analysis by I. D. Borneman 
Weight Atomic Atomic proportions [Weight Atomic Atomic proportions 
Constituent | per cent | proportions | without CaCO, per cent | proportions | without CaCO, 
PO; 32.91 4637 4637 32.40 4563 4563 
SiO, 3.77 627 ear} 9731 = 6X 955| 3.56 593 993 59561 = 

SO3 3.74 467 467 3.24 405 405 

co, 1.80 409 2.05 466 - . 

CaO 95.73 9938 9529 9538 = 10 x 954] 56.26 10046 9580 . 

SrO 0.10 9 9 - - - (9621 = 10x! 

MnO not found - trace - - ") 

K,O not found - 0.07 15 15 | 
Na,O not found - 0.08 26 26 
H,O 1.59 1765 1765 1.38 1200 1200 

F aac - - 1940 = 2x970] 0.78 (411) «ainhrass = 2 

Cl ; 175 175 0.55 155 155 : 

SO) = iy | OLS 1100.37 —¥ 

0.14 0.45 x 

Sum [100.12 E 99.92 a 

Sp. gr. | 3.113 3.121 r > 
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{i fluorine. In the analysis done by the author, fluorine was deter- 
‘ined by the V. V. Danilova method, using the sulfuric acid solution; 
2 F could be detected in any of 10 successive fractions of the distil- 
te. Consequently, the report on fluorine in the more recent analysis 
Lay be regarded as more reliable. 

Colorless transparent crystals of apatite, 3 to 4 cm in size, in the 
1iShim Mine, are found in the ‘‘nests’’ of calcite or as direct inclu- 
Ons in the monticellite rock. The apatite here is apparently of con- 
ct metamorphic origin. Its refractive indices, measured by the 
amersion method with sodium light, are as follows: N, = 1.652 + 
002; Ne = 1.647 + 0.002; N, - N, = 0.005. The parameters calcu- 
jted from the X-ray diffraction pattern are: ao = 9.42 A 5 Cg = 6.92 A; 
’a = 0.734. 
| An appreciable content of CO, and an excess of calcium are shown 
vy both analyses. Microscopic studies of thin sections indicate the 
wesence of the finest particles of calcite in the apatite, which cannot 
» isolated from apatite either by the heavy-liquid separation or by 
wnd-picking under a binocular lens. Computations from the analysis 
rove that the atomic quantities of CO, and of the excessive calcium 
je the same (409), and it is reasonable therefore to regard all of the 


|.rbonic acid as bound in the form of CaCOs. 

|, As already stated, the ratio of silicon to sulfur in ellestadite is 1:1. 
)1 the other hand, the Si:S ratio is 1.34:1 in the Shishim apatite, i.e., 
i: get the impression that the excess of silicon is unbalanced. 
Studies by P. Dihn and R. Klement [4] dealing with the possibility 

; the P, S, and Si isomorphism proved that apatites may depart from 
; e ideal formula. Certain positions may be left vacant in the apatite 
jructure and also there may be excesses of certain ions in reference 
| the Me » Xs O24 Y2 formula. This assumption is introduced in order 
i account for valency compensations required in the case of excesses 
'S or Si in the apatite. Dihn and Klement present characteristics of 
tatites whose formulae deviate from the ideal on the basis of their 


perimental findings (Table 3) and show that a substance containing 


Table 3 


Data for Apatites Deviating from the Ideal Formula 
Me ,oXs0,4¥, (According to Dihn and Klement) 


Formula a c/a G(calc.) 
i oP,On4F» 9.36* 0.732* 3.19* 
bh o.sSiP;On4F > 9.35 0.726 3.29 
PaP.sO.,F, 9.66 0.731 3.05 
i, -Si,P,SO,,F, 9.40 0.724 3.23 
Si P,S,0.,F, 9.46 0.731 3.04 
Ca,SiP,SO,,F, 9.39 0.734 3.24 3.10 


lata from Mehmel 
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11 metallic ions may still fit into the apatite structure but that this 
number is the limit, since all attempts at producing an apatite with 1 
or 13 metallic ions were unsuccessful. However, these authors based 
their conclusions entirely on the X-ray diffraction patterns of their || 
synthetic products without adequate chemical analytical control for 
their purpose, in our opinion. 

From the point of view of Dihn and Klement, by assumption that thd 
presence of Si in the apatite may be compensated by an excess of Ca |} 
ions, there should be 0.90% more calcium to compensate the excess 0 
silicon in the apatite from the Shishim Mine. This is not sustained b 
the analysis. For that reason, the suggestion of I. D. Borneman [6] 
regarding a replacement of the divalent OQ” ion by the monovalent OHF 
ion, in the presence of an excess of Si, appears to be a more reliable 
one to us and, accordingly, the apatite from the Shishim Mine may be 
represented by the formula Ca. Sio.6s P4,ssSo,50 O23, 8s OH2. 5 - 

It may be evident therefore that isomorphous replacements in apa-j) 
tites may be represented by the following series, using the Shishim 
ellestadite and apatite as examples: 


(a) 9p°t ss eer 
(b) (3P°t)O?> =— (S®t2Si**)OH™ . 


Analysis of apatite from the phlogopite deposit at Nadezhnoe, Alda 
suggests the possibility of still another course in the P®* and S°* iso | 
morphous replacements. Analysis of this apatite and the appropriate | 
recalculations are shown in Table 4. | 

The presence of sulfur is not associated with the presence of silic | 


I 


in this case, but the presence of a small amount of sodium is estab- 
lished by chemical analysis. Thus the simultaneous presence of Na al 
S in the apatite results in a mutual compensation of positive and nega | 
tive valencies. 

As already stated [7], the apatite from Nadezhnoe is an inter- 
growth, a pseudomorph of the Cl-OH apatite after the phosphorus-free 
Na-S-Cl apatite represented by the formula Nag Ca4S,0O24Clz. Consti 
tution of the Na-S-Cl apatite may be computed either from its sulfur 


Table 4. Chemical Analysis of Apatite from Nadezhnoe 


Atomic Atomic proportion Na-S-Cl apatite C1-OH apatite 
Constituent | % by Weight | proportion | without CaCO, Na,Ca,S,0,,Cl, Ca, )P,O (C1, OH, F)z 
Atomic proportions | Atomic proportions 
| ; 
P20s 38.63 5442 5442 
SO, 2.58 323 goat 5766 = 6x 961 323 = 6 x 54 5442 = 6 x 907 
Os 1.05 238 
CaO 53.23 9492 9254 
soe es 3 217 = 4x 54 9oe) 9053 = 10 x 90 
Rare Earths trace - 9589 = 10 x 959 
Na,O 0.98 316 316 316 = 6 x 53 877 0 
H,0 0.79 877 277h caveeen ghee 52, 1008" an 
Re ae 52 | sa| 108 = 2x 54 859 
: 987 987 a 
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ic from its sodium content. Our computation was based on sulfur, be- 
giuse the analysis for sulfur was more exact than the analysis for 
dium (sulfur was determined in duplicate), whereas there was a 
cobability of errors in the sodium analysis. For that reason, we took 
23, the atomic quantity of sulfur, as the basis for the allocation of the 
nalytical constituents to Na-S-Cl apatite or ordinary apatite. 

| It is difficult to imagine what would be the end-member of the iso- 
‘orphous series whose intermediate member is the Shishim apatite, 
ythough the suggestion of I. D. Borneman [6], to the effect that it may 
p a ‘‘silicon apatite,’’? CaiSigOis(OH)s, is scarcely feasible. The 
-esence of Si** in apatites is accompanied, as a rule, either by the 
#esence of RE** or of S°*, as is indicated by many analyses of natu- 
1 apatites, both by the author and by others, as reported in the 
erature. ‘ 

1 In the specimen of apatite from Nadezhnoe isomorphous replace- 
ent can be represented by the following equation: Ca?*P®*—— Na's®*, 


mid S are present according to Brauns, is an intermediate member of 
Je isomorphous series; 


Caio Pg Oo4 (OH, Clr. F). = Nag CaaSg Ooa (Cl; F). 

f Two of the other apatites from Aldan, from the Leglier and the 
imeldzhak deposits, contain rare earths and sodium, as well as sulfur 
2id silicon. There may be isomorphous replacements in apatites of 


jich composition: 
2Ca? Up aed Nat TRO. 2pP° ae gf toj4t : 
Cal Pt TR sie?) Ca* P= Na ts** 

; : 


{; Calculations of either one of the analyses, with attention to isomor- 
ious replacements of the type here indicated, show that the results 
srrespond very well to the ideal formula Me» X¢ O24 Yo. 

{ Table 5 presents the data on specific gravity, refractive indices, 

id lattice parameters for the two apatites (examined by the author) in 
i ich the highest amounts of sulfur were found, the Na-S-Cl apatite 
fom Nadezhnoe and the apatite from Shishim Mountains. The data on 
Je C1-OH apatite which forms close intergrowth with the Na-S-Cl apa- 
je [7] are included (Table 5) for the sake of comparison. 


Table 5. Specific Gravity, Refractive Indices, and 
Lattice Parameters of Sulfur-Bearing Apatites 


Co dy 
6.77 | 0.708 
6.92 | 0.734 
6.89 | 0.729 


Co 


; Apatite and Source 
'-S-Cl apatite; Nadezhnoe 
jatite; Shishim Mine 
|-OH apatite; Nadezhnoe 


— 1.675—— |9.56 


1.651 |1.648 |9.42 
1.642 | 1.633 |9.41 
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It is extremely difficult to correlate the presence of sulfur with th 
optical and the physical properties of apatites, because, as a rule, su 
apatites also contain other elements affecting these properties. One 
may see, nevertheless, that the specific gravity of apatite is noticeab 
lower in the presence of sulfur, whereas the refractive indices are 
higher and the double refraction is lower, to the point that apatite ma 
become practically isotropic at the maximum of the sulfur content (th 
Na-S-Cl apatite). The a, parameter of the crystal lattice becomes 
appreciably larger under such conditions. 
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Abstract 


: Spectroscopic analysis of the boron content in igneous rock of the Turinsk 

| ral) copper district was performed on 16 pre-skarn pyroxene gabbros, gran- 
tiorites and diorites; 5 extrusive mafic porphyrites; and 5 post-skarn spes- 
i.rtite lamprophyres. With two exceptions the pre-skarn intrusives ranged from 
-30 ppm boron, about equal to the concentration of the post-skarn lampro- 
Pyres and about that of the boron content of the extrusives. The overall boron 
mcentration of the Turinsk igneous rocks is around three times the boron con- 
jot of the average igneous rock. Boron analyses made on single mineral com- 
nents of selected intrusive and extrusive rocks illustrate the marked concen- 
ation of boron in plagioclase and not in hornblende or augite. No credence is 
saced on early fixation of boron as datolite or axinite during crystallation of 
afic and ultramafic rocks, This mineralization is thought to arise from later 
}drothermal action. A plot of the boron content in rocks compiled from several 
ivestigators points out the relative constancy of boron in mafic and silicic rocks 
110 ppm) with a possible trend to a higher boron content in mafics and inter- 
jediates than in silicics. The original boron content of a magma is decisive in 

) termining the extent of isomorphous substitution or boron mineralization 
jroughout the rock crystallization history. 


} Many investigators are now engaged in the problem of the distribu- 
on of rare and dispersed elements in igneous rocks. It has been es- 
jblished that such elements are good indicators in rock and ore genesis 
hocesses. These elements commonly permit us to ascertain the gene- 
: relationships of ore deposits with intrusions of different kinds. 

| There is a very limited body of data on boron in igneous rocks. We 
;ow only of studies by V. M. Goldschmidt and C. Peters [8], V. M. 
bldschmidt [9], T. G. Sahama [14], S. Landergren [10], S. R. Nockolds 
jd R. L. Mitchell [12], S. R. Nockolds and R. Allen [13], B. Wasser- 
ein [15], and P. H. Lundegardh [11], which contain some interesting 
‘ta on boron, chiefly in granites and mafic rocks. Data on boron in 
termediate rocks are not as abundant, however, and there are no data 
boron in vein rocks. 

| Until recently there were no data on boron in rocks from different 
iwions of the Soviet Union. The reports by V. V. Melnitskii [6] on 
iron in rocks of the Tagil-Kushva District and V. L. Barsukov and 

| E. Kurilchikova [2] on boron in serpentinites were published only 

p 1957. 
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Realizing the scarcity of data on boron content of igneous rocks, 
particularly of rocks of the intermediate composition, one may reage 
ably assume that the results presented here may be received with so 
interest, inasmuch as they supplement to some extent our knowledge |) 
geochemistry of dispersed boron. | 

Determinations of boron in rocks were conducted by spectrographm! 
methods developed at the V. I. Vernadskii Memorial Institute of Geo-} 
chemistry and Analytical Chemistry, Academy of Sciences of the USS 
The excitation source was a DC arc between boron-free carbon elec-} 
trodes operated at 300v and 10a. Twenty mg aliquots of samples wer 
volatilized in an electrode cavity 4 mm deep and 3.5 mm in dana 
The arc gap was 5mm. The spectrum was recorded photographicall 
by the ISP-22 quartz spectrograph, with the aid of a 3-lens condense 
The films were the “‘line-reproducing iso-ortho-chromatic’’ 1.4 unit, 
GOST. Lines 2496.7 A and 2497.7 A, with the sensitivity of 0.002% a 
0.001% respectively, were used in the analysis. The determinations 
were based primarily on the first line because a Fe line is imposed 0 
the second one (2497.7 A). Mixtures of boron-free ‘‘average’’ igneou 
rocks, with added amounts of borax, were used as standards. Repro- 
ducibility of results was within 3 to 3 order of magnitude. 

The Turinsk Ore Deposit (Turinsk Mines) embraces a group of 
skarn copper deposits which was investigated in detail by D. S. Kor- 
zhinskii [5]. One of these deposits (Vadimo-Alexandrovskoe) containg 
considerable datolite mineralization, associated chiefly with skarnizeg¢ 
parts of limestones interlayered with Middle Devonian hornfels, and 
more rarely, with garnet, garnet-wollastonite, and epidote skarns. 
investigating this mineralization, the question regarding the original 
boron content of igneous rocks at the site naturally arose in view of 
the supposed genetic relationship between ores and igneous rocks. Fo 
sake of comparison, we analyzed some samples of rocks of other de- 
posits in the same district and several samples of rocks outside the 
boundaries of the mineralized area. 

Igneous rocks in the area are of Variscan age and are represented 
by extrusives and intrusives of intermediate and mafic composition. 
The extrusives include hornblende and augite porphyrites—small shee 
within the limestone bodies. They are dark gray, dense rocks with a 
fine-grained matrix and phenocrysts of plagioclase, hornblende, and 
augite. Asa rule, the hornblende is green. The plagioclase is ande- 
Sine (Abgs - 6g Ange - 35) and locally even more calcic. The intrusives 
are represented by gabbros, gabbro-diorites, quartz diorites, and by 
many kinds of dike rocks: diorite-porphyrites and lamprophyres. 
small massifs forming the northern and eastern boundaries of the de- 
posit are composed of gabbro and gabbro-diorites. The latter are 
melanocratic rocks consisting chiefly of augite and plagioclase 
(Abs-62). In places there is also hornblende after plagioclase. Asa 
rule, proportions of plagioclase and dark minerals are about equal, 
although locally the dark mineral fraction may be as high as 70%. 
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juartz diorites are found more rarely; they are small sheet intrusions 
ex Stocks consisting chiefly of plagioclase (Abgs_70) with subordinate 
juantities of hornblende and quartz. Vein rocks are pre- and post- 
Karn. The pre-skarn group includes diorite-porphyrites whose dikes 
nd sheet intrusions cut through the limestones; their contacts with the 
+mestones are Skarnized. They are gray or oie gray rocks with large 
henocrysts of plagioclase and hornblende. They resemble extrusive 
jorphyrites in their appearance and composition and it is very difficult 
{ times to tell these two kinds of rock apart. D. S. Korzhinski [5] be- 
eves them to be co-magmatic formations. The post-skarn rocks 

orm dikes within steeply dipping fissures. They are the youngest of 
tike rocks, inasmuch as they cut through all others, including skarns. 
phey are represented by lamprophyres (chiefly spessartites) and, 

ore rarely, by diabase porphyrites. 

1 The remarkable constancy of boron content of all intrusive rocks, 
£002 to 0.003% (Table 1) is very obvious. There are two exceptions: 
whe granodiorite from the Auerbach showed no detectable boron, and a 
ample of quartz diorite from a massif 20 km north of the ore district 
jnowed boron one order of magnitude higher (i.e., 0.03%). In many 
sistances boron is twice as high in the Vadimo-Alexandrovskoe extru- 
‘ves than in the intrusives. The post-skarn dike rocks (spessartites) 
jontain just as much boron as the pre-skarn intrusive rocks (Table 1). 
1 All of these facts suggest that within this ore deposit the concentra- 
on of boron in the magma remained at a certain constant level through- 
it the magmatic stage here discussed. The fact that boron is higher in 
ictrusives than in intrusives is very interesting. As we know, volcanism 
). accompanied by expulsion of large quantities of gases, including BOs, 
3 is evidenced by the formation of sassolite. One would think that bo- 


er, in intrusions, the environments should be conducive to the ‘ones 
‘on of boron minerals and to the isomorphous entry of boron into crys- 
1 structures of rock-forming minerals. 

| In order to ascertain the forms of boron in the rocks, we collected 
jd examined certain single-mineral fractions of the rocks (Table 2), be- 
use no boron minerals whatsoever could be detected in thin sections. 

| The results in Table 2 show convincingly that boron is concentrated 
jmost entirely in plagioclase of the intrusives and in the fine-grained 
Jatrix of the extrusives in which plagioclase is again a major constitu- 
it. In most cases there is no boron in the dark minerals. The pos- 
ibility of boron enrichment in plagioclase was first mentioned by 

| L. Barsukov [1] who had also proved this possibility by crystal 


femistry.* 


\, this connection it is noteworthy to recalled the existence of a boron-albite, 
jeedmergnerite, discovered by Charles Milton of the U.S. Geol. Survey in ter- 
lestrial evaporite deposits of the Tertiary Green River formation, Green River, 
‘yoming. EWH 
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No. Rock 
Intrusive and Vein Rocks; pre-skarn 
0167 Diorite-porphyrite Vadimo-Alexandrovskoe; Borehole 525 
0171 ys a Ditto 
0490 us Ditto; Borehole 515 
0526 4 si Ditto; Borehole 526 
F-02 * ; Frolovskoe; Kirov Memorial Mine 
H-3 Diorite-porphyrite Nikitinskoe; ‘‘Nikitinskaya’’ Mine 
U-770 Quartz diorite Headwaters of Larkovka River 
0226 5 fe Vadimo-Alexandrovskoe; Borehole 525 
F-01 ee Ms Frolovskoe; Kirov Memorial Mine 
AU-17 Granodiorite Auerbach Deposit, N. Oral 
U-15 Quartz diorite Headwaters of Larkovka River 
U-41 y i Ditto 
U-151 Gabbro-porphyrite Ditto 
BA-0501 | Gabbro Vadimo-Alexandrovskoe; Borehole 585 
BA-0510 | Gabbro Ditto 
U-161 Pyroxenite Headwaters of Larkovka River 
Extrusive Rocks 
018 Augite porphyrite Vadimo-Alexandrovskoe; Borehole 525 
080 Hornblende " Ditto 
0157 2 ie Ditto 
0344 i "y Ditto; Borehole 531 
0464 - % Ditto; Borehole 515 
Vein Rocks (Lamprophyres); post-skarn 

0161 Spessartite Vadimo-Alexandrovskoe; Borehole 525 
0447 “ Ditto; Borehole 505 
0449 : Ditto; Borehole 505 
0512 ny Ditto; Borehole 526 
0570 Spessartite (altered 

to some extent) Ditto; Borehole 529 


It is not possible therefore for us to agree with Sahama’s [14] con- 
tention that boron accumulates mainly in dark minerals. Nor is it 
possible for us to agree that boron may be fixed in primary datolite 
and axinite in mafic and ultramafic rocks. No single investigator has | 
thus far been successful in detecting these minerals as accessories in} 
igneous rocks. A large number of observations prove that these min- | 
erals are formed in the post-magmatic stage of the process and with 
hydrothermal activity. 

Until recently boron was generally believed to accumulate in the 
end-products of magmatic differentiation, in granites and pegmatites. | 
This view was shared also by A. E. Fersman [7]. A. P. Vinogradov [3} 
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Table 2. Boron Content in Weight Per Cent of Single-Mineral 
Fractions of Certain Rocks of the Turinsk Deposit 


— | 

| Mineral 

ample No. Rock Hornblende | Augite | Plagioclase “| Matrix 
$A-0501 Gabbro —- abs. 0.01 - 
A-0510 Gabbro-diorite _ abs. 0.006 - 
226 Quartz -diorite abs. — 0.008 -— 
1-01 Ditto abs. _ 0,002 - 
171 Diorite-porphyrite abs. — 0.005 = 
490 Ditto 0.002 _ 0.008 _ 
18 Augite-porphyrite a 0.002 = 0.02 
80 Hornblende-porphyrite 0.002 — 0.005 
#157 Ditto abs. ~ 0.002 n.d. 
2464 Ditto abs. - _ 0.002 


oroved, however, that the boron averages are practically the same 


Hoth in mafic and in silicic rocks and that they amount to 1 x 107°%B 
#see Fig. 1). 

. Figure 1 is a summary of many determinations of boron in rocks of 
different kinds and an attempt at correlation of boron content with rock 
somposition. We do not consider here isolated data on ultramafic 
focks. For mafic, intermediate, and silicic rocks, we note that most 
ooints in the diagram fall very close to the averages. The average 
oron content will probably also be about 1x 10°*% for intermediate 
*ocks as is indicated by the plot. However, several points are very 
jar from the averages and represent boron anomalies 3 times and, for 
some granites, even 5 and 10 times the average, because of enrichment 
f such granites in tourmaline [B. Wasserstein, 15]. The diagram also 
shows that there is more boron in mafic and intermediate rocks than in 
silicic rocks in many cases. This generalization is supported by 
Nockolds and Mitchell [12] in their studies of the Garabal Hill-Glen 
i’yne Complex. There boron content decreases in the series from 
)yroxene-mica diorite to granodiorite. 

| The general impression from the foregoing considerations is that 
hearly everything depends on the original boron content of the magma 
trom which this or that kind of rock has been formed. In all probabil- 
)ty if the original boron content is low, all of it isomorphously enters 
ierystal structures of rock-forming minerals, particularly plagioclase 
‘structures in the case of mafic and intermediate rocks. The residual 
: cidic solution is thereby impoverished with respect to boron. If the 
»riginal boron content is high in the magma, the excess of boron which 
Hoes not isomorphously enter into rock-forming minerals remains in 
he residual solution (melt) and either contributes to the formation of 
jourmaline granites or passes into pegmatites in the course of differ- 
‘ntiation. In some instances, however, boron-enrichment of the mag- 
wna may be so great that the excess boron, migrating from the 
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magmatic ‘‘hearth’’ in solution or gas, may under favorable conditio ; 
give rise to large accumulations of tourmaline, axinite, datolite, and 
probably other boron minerals. 

Thus boron ‘‘highs’’ in igneous rocks are among the factors condu 
cive to the formation of boron deposits. And indeed, V. V. Melnitskii} 
[6], as well as the author of this paper, in one of her earlier publica- 
tions [4], had noted high concentrations of boron in igneous rocks 
neighboring boron deposits or where there were geochemical indica- 
tions of boron minerals. The rocks we examined contain on the whole¥ 
about three times the average boron content of igneous rocks. This is 
entirely reasonable, in view of the datolite mineralization at the 
Vadimo-Alexandrovskoe and at other localities within the Turinsk Ord) 
Deposit. . 
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Fig. 1. Boron content of igneous rocks of different composition. @ -Averages, 
according to A. P. Vinogradov; O-our data; @-data by other investigators. 
(Figures in parenthese show the number of analyses.) 


(a) A. P. Vinogradov IE l-average; 2-average; 3-average. 

(b) V. V. Melnitskii [6]: 4-dunite, Ural; 5-pyroxenite, Ural; 6-pyroxenite, 
Ural; 7-gabbro, Ural; 8-gabbro, Ural. 

(c) §. R. Nockolds and R. L. Mitchell [12]: 9-andesite, Hawaii; 10-andesit 
Hawaii; 11-norite, California, USA; 12-tonalite, California, USA; 13-gabbro, 
California, USA; 14-tonalite, California, USA; 15-granodiorite, California, USA; 
16-granodiorite, California, USA; 17-tonalite, California, USA; 18-basalt, Lass 
Peak, USA; 19-olivine basalt, Lassen Peak, USA; 20-andesite, Lassen Peak, US 
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}1-dacite, Lesser Antilles; 22-dacite, Lesser Antilles; 23-diorite, Scotland; 
}4-xenolithic diorite, Scotland; 25-granodiorite, Scotland; 26-dacite, Lesser 
j-ntilles; 54-hornblende gabbro, California, USA; 55-basalt and andesite, Califor- 
i ia, USA; 56-olivine basalt, California, USA; 57-tonalite, California, USA; 58- 
nalite, California, USA; 59-granites, USA, (15 analyses). 

(d) B. Wasserstein [15 |: 27-granite, S, Rhodesia; 28-granite, Nyassaland; 
*9-granite, Bushveldt; 30-granite, Bushveldt; 31-granite, Bushveldt; 32-granite, 
Jushveldt; 33-granite, Capetown; 34-granite, Capetown; 35-granite, Capetown; 
§6-granite, Capetown. 

) (e) S. R. Nockolds and R. L. Mitchell [12] : 51-diorite, Scotland; 52-gabbro, 
cotland; 53-diorite, Scotland. 

({) T. G. Sahama [ 14] : 37-granite, Finland; 38-norite, Finland; 41-gabbro, 
‘inland; 42-gabbro, Finland. 

) (g) V. M. Goldschmidt and C, I. Peters [8], V. M. Goldschmidt [9]: 60- 
ranites, Germany (14 analyses); 61-gabbro, Germany (11 analyses); 62-basalt 
22 analyses); 65-augite andesite, Italy; 66-hornblende andesite, Italy; 67- 
iparite, Italy. 

) (bh) P.H, Lundegardh [11]: 68-granite. 

(i) V. L. Barsukov [1] : 89-diorite, Transbaikal; 40-gabbro, Gornaya 
jhoriya. 

(j) V. L. Barsukov and G. E, Kurilchikova [2]: 72-dunite; 73-peridotite; 
4-pyroxenite; 75-gabbro; 76-gabbro. 

(k) Our Data: 43-quartz diorites, gabbros, gabbro-diorites, diorite-por- 
hyries (average of 10 analyses); 44-quartz diorite; 45-quartz diorites, diorite- 
orphyrites (average of 3 analyses); 46-augite porphyrite; 47-hornblende por- 
jhyrite; 48-hornblende porphyrite; 49-hornblende porphyrite; 50-pyroxenite, 
‘steiskii Massif, N. Ural; 69-granodiorite, Auerbach Deposit, N. Ural; 70-spes- 
artite (3 analyses); 71-spessartite. 
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GEOCHEMISTRY 


ON THE PRESENCE OF NIOBIUM AND TANTALUM IN 
MUSCOVITES FROM PEGMATITES OF THE DZIRULSK 
CRYSTALLINE MASSIF 


G.L. Odikadze 


Caucasian Institute of Mineral Raw Materials 


Abstract 


The presence of a constant niobium and tantalum admixture as well as the 
xistence of small amounts of Be, Ca, Sn, Ti, V and W in muscovites from 
iarious paragenetic complexes of pegmatite formations of the Dzirulsk massif 
as been established. The chemical and spectral study of muscovite specimens 
com pegmatites of Karelia and the Ural Mountains has shown the presence of 
ib in all investigated muscovites. The least content (0.003% of Nbz2Os) has been 
jound in muscovites of pegmatites from Chupa (Karelia). The maximum con- 
tent (0.05% Nb2Os) proved to be in muscovites from pegmatites of the Dzirulsk 
aassif. Niobium and tantalum in muscovites are considered an isomorphous 
mpurity. 


While studying relationships in the distribution of accessory rare 
lements in the Dzirulsk pegmatites in 1956-1957, the author had noted 
jae presence of niobium and tantalum, invariably as admixtures in 
jjuscovites from paragenetically different pegmatitic complexes. In 
}ddition to niobium and tantalum, small amounts of Be, Ga, Sn, Ti, V, 
ind W were found in the samples of muscovite. 

| In order to clear the problem as to the forms in which niobium and 
lantalum are present in muscovites, samples of muscovite were hand 
licked most carefully under the binocular microscope. A careful ex- 
imination of the hand-picked sample under a polarizing microscope 
hailed to discover any foreign inclusions in muscovite. Moreover, it 
vas proved by optical studies that the muscovite in question is a pri- 
Mary mineral. In order to isolate any possible inclusions of tantalo- 
iobates that had escaped microscopic detection, the muscovite powder, 
‘fter its pulverization in an agate mortar, was centrifuged in Thoulet 
iquid (sp. gr. 3). The heavy liquid tests confirmed the complete ab- 
lence of heavy mineral fractions in the test material. The light 
aineral fraction was analyzed chemically at the Ukrainian Giredmet 
Laboratory, by Surichan, Pashkova, Pekarskaya, and other chemists. 
liobium was determined by the thiocyanate method (Alimarin’s proce- 
ure, as modified by the Ukrainian Giredmet). Tantalum was deter- 
ained by the fluorene method (Nazarenko’s procedure). As the result, 
t developed that there is 0.05% Nb,O; and 0.015% Ta,O; in muscovites 
rom the pegmatites of the Dzirulsk Massif (Shroshi); these figures are 
verages of quadruplicate determinations. 
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Replicate control analysis of the Shroshi muscovite at the Labora 
tory of the Caucasian Institute of Mineral Raw Materials (KIMS) | 
showed no departures from the results on Nb,O; and Tag O; reported} 
by the Ukrainian Giredmet. 

There has arisen a reasonable question as to whether the presencd: 
of niobium and tantalum is characteristic only of the muscovites heref 
tested or for others as well, in other pegmatitic fields of the USSR. | 
To make this problem clearer, four samples of muscovite from Chupa 
Karelia, and Kyshtym, Ural, were examined at the KIMS Laboratory 
for Nb,O; and Ta,O;. The analyses, by T. G. Matsaberidze, were by}, 
the same procedures as previously stated. Prior to their chemical |} 
analysis, these muscovites were analyzed spectrographically at the 
KIMS and at the Georgian Geologic Administration laboratories. (N. 
Abashidze and M. R. Bendiashvili, Analysts.) 

As the result of these studies, it was proved that 0.003 to 0.05% 
Nb2O; is present in all of the muscovites from Karelia, Ural, and 
Dzirulsk and that the lowest Nbz2O,, 0.003%, is characteristic of the 
Karelian muscovites. The Shroshi muscovites contain the highest 
amounts of Nb2O;, 0.05%, whereas the Kyshtym muscovites are inter-}) 
mediate between these two extremes (Table). : 

In addition to niobium and tantalum, Be, Ga, Ti, Sn, and V were 
found in all muscovites here examined. There is about 0.02% Ga in alll 
Be does not exceed 0.007%; Ti, Sn, V, W are present in amounts rang-} 
ing from 0.01 to 0.1%. Curiously, the Nb/Ta ratio in the Shroshi 
muscovites is nearly the same as in the columbites from the Shroshi 
pegmatites and is practically 3. Comparisons of analyses of musco- 
vites from the three pegmatitic provinces show that there is less nio- 
bium in the Karelian and in the Uralian muscovites than in the musco- 
vite from the Dzirulsk. 

Comparisons of the characteristic features of the pegmatitic fields 
whose muscovites were examined here indicate that niobium, tantalum 
and beryllium minerals are not characteristic for the Chupa (Karelia) 
pegmatites [5, p. 514]. Indeed, these minerals are absent there, for 
all practical purposes. The insignificant amounts of niobium, tanta- 
lum, and beryllium in Karelian muscovites, as against the muscovites 
from Ural and Dzirulsk, appear to be due to their general deficiency in 


Mineral and Source %Nb,O, | %Ta,O0, 


Laboratory 
Muscovite; pegmatites; Chupa, Karelia 0.003* 


Caucasian Institute of 
Mineral Raw Materials 


Muscovite; pegmatites; Kyshtym, Ural 0.02* - Caucasian Institute of 
; Mineral Raw Materials 
Muscovite; pegmatites; Shroshi (Dzirulsk) | 0.05 0.015** | Ukrainian Giredmet and 


KIMS(i.e.CIMRM- VPS) 


* weve 
Average of two analyses. **Average of four analyses. 
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} at particular pegmatitic province. At the same time, the presence of 
ine accessory columbite and beryl in the pegmatites of Dzirulsk (0.005 
ind 0.007% respectively), as isomorphous admixtures of niobium and 
f eryllium in the muscovites, enables us to draw a preliminary conclu- 
ion to the effect that there exists a certain relationship in regard to 
the dependence between the amounts of the isomorphous admixtures of 
jiobium, tantalum, and beryllium in muscovites and the concentrations 
bf these elements in the magmatic solutions, as well as in regard to 
‘he geochemical environments of the formation of pegmatites. The 
jractical absence of the minerals of these elements in the Chupa peg- 
laatites tends to support our suggestion [5, p. 514]. Moreover, the 
very fact of the presence of Nb2O; in the Chupa pegmatites, in such 
Insignificant quantities as 0.003%, is probably an indication of the de- 
jiciency of niobium in the pegmatitic province in question, while, on 
he contrary, wherever columbite and beryl are present in pegmatites 
'Kyshtym and Shrosha) there are also high concentrations of the iso- 
orphous niobium, tantalum, and beryllium in muscovites from the 
hame pegmatites. 
) Our evidence permits us tentatively to regard niobium and tantalum 
is isomorphous admixtures in the muscovite structures. 
| It is known that isomorphous entries of elements into minerals are 
}ontrolled by several factors among which the major ones are: a) size 
bf ionic radii; b) valence; c) coordination number. 

By consideration of the principal elemental constituents of musco- 
rite, KAl, (AlSi3O)(OH)2, it is not too difficult to see that aluminum 
ionic radius 0.57 A) is the closest one to niobium, in respect to the 
size of its ionic radius. Neither potassium (ri = 1.33 A) nor silicon 
‘ri = 0.39 A) is capable of being replaced by niobium whose ionic 
tadius is 0.69 A. In such manner, the supposition regarding the pos- 
sible replacement of aluminum by niobium becomes most plausible, if 
ve consider the size of the ionic radii of these two elements. 

» The six-fold coordination of niobium in silicates is scarcely to be 
4oubted. Inasmuch as it is only aluminum, among the cations of the 
-adical, that has six-fold coordination, it may be assumed rationally 
that it is the aluminum cation, in its octahedral coordination, that be- 
somes replaceable by niobium in the muscovite structures here 
discussed. 

| Nevertheless, the replacement of aluminum by niobium is feasible 
bnly on a limited scale, inasmuch as the ionic radius of niobium is 
still too different from the ionic radius of aluminum by about 20% 
which is greater than the 15% allowed by Fersman’s Rule (also known 
1s Goldschmidt’s Rule) governing isomorphous replacements (4, p. 
ae This excess may be compensated, however, as we shall pres- 
ontly see, summarily by a thermodynamic gain due to the higher 
charge of Nb°®* than of Al°* which is replaced by niobium. The possi- 
vility of such replacement is sustained theoretically by the similarity 
setween niobium and aluminum in regard to their electro-negativity 
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(the ‘“‘E”’ of Nb and Al is 220 and 240 kilo-calories respectively) [2]. 
It is worth remembering also that Al is a member of the characteris-} 
tically diagonal isomorphous series: Ti-Nb-W [3]. 

Electrostatic compensation is a major factor playing an exceptionag 
role in heterovalent replacements. In this particular case two addi- | | 
tional charges are introduced into the muscovite lattice in the replace#s 
ment of Al°* by Nb°*. In this particular case, the electrostatic com- | 
pensation is made effective apparently by the simultaneous entry of 
Be?* into the muscovite lattice, in the substitution of Be?* for Si**. 

The presence of 0.007% beryllium, alongside niobium, was estab- 
lished spectrographically in the muscovites here investigated. The 
presence of beryllium in muscovites acquires a particular signifi- 
cance, in relation to the electrostatic compensation in the replacement} 
of aluminum by niobium. The research of Beus [1] showed that the | 
identical coordination numbers of beryllium and silicon, with respect 
to oxygen, and the similar ionic radii of Be** and Si** (0.34 and 0.39 A¥ 
respectively), as well as of the ionic radii of BeO.® and SiO,* are the 
determinants of the entry of beryllium into the silicate structures, by 
replacement of the silica tetrahedra by the beryllium-oxygen tetra- 
hedra. 

Moreover, the entry of beryllium into silicate structures (into the 
muscovite structure, in our case) is determined significantly by the 
presence or by the absence of free high-valency ions, at the time of 
the formation of minerals, by which the isomorphous substitution of 
Be?* for Si** could be compensated. 

The role of the high-valence cation is played by niobium, in this 
particular case. The course of the isomorphism may be represented | 
as follows: While Be’* is replacing Si**, the two missing charges are 
being compensated by a concurrent replacement of Al°* by Nb’*+. The! 
replacement is accompanied by a total thermodynamic gain as follows: 


EK Be?* + EK Nb®* > EK Al°+ + EK Si*t; 
2.65 + 13.50 = 16.25 > 4.95 + 8.60 = 13.55. 


i 


In concluding this discussion of certain major factors determining 
the isomorphous entry of niobium into the crystal lattice of muscovite, 
one may not refrain from observing that the attempt at outlining the 
course of the limited aluminum-niobium isomorphism, with the mus- 
covites from the Shroshi pegmatites as the example, may be one of the 
possible solutions of the problem. 
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Abstract 


The results permit the conclusion that germanium is contained in two for 
in the investigated coals: 1) a form related to the organic coal mass, as 
humacites of germanium, and 2) a form related to the mineral part of the coag 
To the first form may belong the germanium amount taken into solution togetlh 
with humic acids. In this sense a comparison of data on the forms of germa 
content in ordinary brown coal and in its concentrate is very significant. Si 
taneously with the coal enrichment, an enrichment of the concentrate by the 
organic form of the germanium content from 83.3% to 97.3% has occurred. 


Geochemical studies of relationships in the distribution of germa 
um in coals have been conducted by the authors of this report since 
1955. 

A relationship has been established between germanium content ar 
the coalification of plant substances (the coal formers) in the peat std 
as well as between germanium and the nutritive-environmental sub- 
strata of the progenitors of coal. 

Depending on the quantities of germanium present, the varieties 02 
coal may be arranged in the following series: clarain; duro-clarain; 
claro-durain; durain with humified stem fragments (vitrain); durain; 
sapropel; and fusain. There is practically no germanium in fusain. 

There is no unanimous opinion at present regarding forms and con 
pounds of germanium in coal. There is also no evidence in the literal 
ture of any attempt at an experimental approach to the solution of the} 
problem. There is a widely held view that germanium replaces the 
hydrogens of carboxyl groups of humic acids to form germanium hu- 
mates in coals; subordinate amounts of germanium Silicates, germa 
ates, or silico-germanates may also be present [1]. This view is bas 
on the fact that germanium may be extracted by alkalies, along with 
humic acids, in the treatment of brown coal. An indirect indication 0 
the association of germanium with the organic constituents of coal is 
the fact that the bulk of germanium is found in the ash of the lighter — 
fraction obtained by the heavy-liquid separation [2]. On the other har 
quantitative results for germanium are always too low for coal or cos 
ash prepared for analysis without the use of hydrofluoric acid, that is 
by the “‘soft’’ incineration (at temperatures not over 500°C). 

The present article is our report on defining the character and the 
forms of germanium in coal. We used the following test materials: 
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own coal; its dull and vitreous varieties (durain and vitrain, respec- 
ely); brown coal concentrate; hard coals: gas and coking coals. 
jeir characteristics are given in Table 1. 


Table 1. Characteristics of Samples of Original Coal 


% Bitu- % Humic 
men ‘‘A’’ acids 


% Mineral 
admixtures 


% Carboids |% Ge in 
coal ash 


own coal, ordinary 35.7 19.05 0.00666 
irain from same coal 2.27 39.0 7.6 0.0100 
rain " se M 3.1 28.2 8.2 0.0016 
dwn coal concentrate 2.0 64.3 12.1 0.016 

5 coal , 3.3 abs. 19, 0.0125 
ae, after oxidation by 

20, 3.1 51.0 — 
xing coal 1.4 abs. 5.36 0.0100 
joe, after oxidation by 

abs. == 


| Bitumens were determined by Soxhlet extraction of coal with an 
rohol-benzene mixture. After the extraction of Bitumen ‘‘A’’, the 
iil residue was gently boiled with successive portions of 1% sodium 
Hroxide for 6 hours treatment [3] in order to extract humic acids. 

42 extracted material was separated from the alkali by centrifuging 

2 5,000 r.p.m. for 10 minutes. The alkaline treatment was carried 

/ in the presence of hydrogen peroxide in the case of coals containing 
| alkali-soluble humic acids. 

eeemics of the extractions and their efficiency in the isolation of 

| 


ic acids are illustrated in Table 2. The determinations of 


Table 2. Extraction of Germanium Together with Humic Acids 


| Q Peas 
& E Z © 
| cs Poa 
ye Yield of Germanium with Humate Fractions ® Ow 
ii ne | Sroes 
| Fs gas 
5 § |HumatesI_|Humates II _|Humates II | Humates IV |Humates V_|Humates VI 2 2 re) 
om gammas %* |gammas %* gammas | %* | gammast| %* | gammas G* gammas | GE dae 

266.4 60.2 | 28.4] 79.0] 36.5 41.0 | 19.2 33.0 | 15.5 10.0 4.7| — =| 23.3 

174.0 | 137.0+ | 100 — - — =_ a =, = = oe —| 79.0 

459.4 | 230 51.3} 120 | 24.9 W200 TS07)|) 206.) 407 1 15,8 3.4) -- —|97.3 

223.0 14.6 6.5] 52.4 | 23.3 65.2 29.2 | 36.1 | 16.4] 23.3 | 10.6] 3.0 1.2 | 87.2 

LL 


ees | 
/yarently a misprint. % of total Ge in the original coal is probably meant. 
}-se columns show percentages as of total germanium extracted. 

|chere is no further extraction of Ge in the subsequent fractions. VPS 


486 GORDON, VOLKOV, MENKOVSKII 


germanium were colorimetric using the phenylfluorone method deve} 
oped by the GIREDMET.* 
The results show, on the whole, that the extraction of germanium 
the alkali comes to an end after the 5th or 6th successive treatment. |; 
The lustrous variety of the coal is a special case, with all of its ex- 
tractable germanium being removed in the very first treatment. Cu 
ously, the rate of extraction of germanium from different kinds of COF 
parallels the proportions of their lustrous components as illustrated} 
by the comparisons of Table 3. Thus, the rate of extraction of ger- 
manium increases with the increase in the vitrain content of the coal 


Table 3. Rate of Extraction of Germanium as Influenced by Vitrain Content of | 


% Lustrous 
varieties 


Coal Sample 


Vitrain 
Brown coal, ordinary 
Concentrate of ordinary brown coal 


The balance sheet for the alkaline treatments of the coal with respect 
to germanium and to the coal is shown in Table 4. 

It is evident from these results that the amounts of extractable 
humic acid and the proportions of extractable germanium show parall 
increases and that the peak of extractable germanium, 97.3% of the to 
germanium, is attained in the instance of the brown coal concentrate. | 

It would seem that this fact by itself is sufficient to confirm the 
hypothesis that the bulk of germanium in coal is tied up with the humi 
acid molecules. However, considering the amphoteric properties of 
germanium, it is equally possible that the passage of germanium into 


Table 4. The Balance in the Extraction of Humic Acids 
and Germanium from Coal 


% of Coal Substance % of Germanium 
T 
Yieid of sol- | Dissolved Losses Extracted 
Coal Sample uble humic | Coal mineral and In coal | with humic : 
| acids residue |admixtures |unbalance |residue | acids Unbalane: 
Brown coal, ordinary Sai 46.8 10.5 -7.0 16.2 83.3 -0.5 
Vitrain from some coal 39.0 Sie 7.0 +3.5 29.7 79.0 +8. 
Durain from some coal 28.2 ~ — | — _ 55.2 - @ 
Brown coal concentrate 64.3 19.0 9.4 -7.3 12.8 97.3 +11.4 
Gas coal after oxidation 51.6 43.7 4.64 -0.6 eo 87.2 -5 3m 
Coking coal after oxida- 
tion 0.0 97.0 | 3.4 +0.4 100.0 0.0 - 


—__ 


*“Gosudarstvennyi Institut Redkikh Metallov’”’, ‘“The Government Institute of 


Rare Metals’’. 
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e humic acid extracts is related simply to its possible direct solu- 
jlity in the alkali by the formation of sodium germanate from germa- 
m bound in the mineral fraction of the coal. 
; In order to examine this possibility, a sample of the ash of the 
frown coal containing 0.006 15% germanium was treated with 1% sodium 
‘droxide at about the same temperature as was maintained in the ex- 
actions of humic acids. As the result of this treatment, the concen- 
yation of germanium in the ash dropped to 0.0038%. It should be noted 
at the decrease in the concentration of germanium in the coal ash 
fom 0.0066% to 0.0025% as the result of the alkaline treatment of the 
iginal coal, and the decrease of its concentration in the coal ash from 
00615% to 0.0038% as the result of the alkali treatment of the ash are 
j the same order of magnitude. 
| Our experimental results also permit examination of germanate as 
possible carrier of germanium in the extraction of germanium from 
al by alkali. The results presented in Table 5 may provide a partial 
iswer to this problem in the case of hard coal. The two types of hard 
al (gas and coking) contain no alkali-soluble substances originally 
d yield no soluble germanium on treatment with alkali. After pre- 
atment with hydrogen peroxide, however, one of these coals (gas) 
21ded more than 50% of alkali-soluble acid products (based on origi- 
1 weight). The sample of coking coal yielded no alkali-soluble oxida- 
m products under conditions of the test. It should be noted at the 
me time that there is a better chance for a germanate (Ge**) to pass 
o the solution [4]. We know that germanates, Me2GeO; or Me, GeOa, 
jrresponding to acids of the HzGeO3 and the H4zGeQ, types, are easily 
fmed by interactions of the alkalies and the aqueous extracts, where- 
/ transfers of metallic germanium or of germanium oxides into their 
luble states require drastic pre-treatments including fusions with 
kalies. Consequently, the fact that no germanates are produced even 
er drastic oxidation of the coal, which ought beyond any doubt to lead 
\the transition from Ge?* to Ge** and to the subsequent extraction of 


Table 5. Solubility of Germanium as Influenced by Solubility 
of Humic Acids of Coal 


Coal 

Coking Gas 
rermanium in ash of original coal 0.010 0.0126 
jne, after treatment of coal by alkali 0.010 0.0126 
mic acids formed by the oxidation, % of original 
oal, by weight 0.0 51.6 
rermanium in coal ash after the alkali treatment 0.010 0.00155 
emanium in the alkaline extract, % of the 
lriginal coal in ash* 0.0 Sie 


\.pparently a misprint. % of total Ge in the original coal is probably meant. 
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Ge** by the alkali, shows that germanium in the soluble humic acid 
fraction of the coal is bound in the organic constituents of the coal. 
appears, therefore, that the alkali-insoluble fraction of germanium if 
associated with mineral constituents of the coal in the form ofa 
silico-germanate complex with some highly involved structures. 

It is possible to conclude, therefore, that germanium is present i 
two forms in the coals we have examined: a) as germanium humates 
bound in the organic substance of the coal; b) in forms bound with th 
mineral substance of the coal. The first one of these includes ger- 
manium which is soluble together with humic acids. Examples of th 
distribution of germanium between the organic and the mineral frac- 
tions are presented in Table 6. A comparison between ordinary bro 
coal and the concentrate of the same coal is especially interesting wi 
regard to the proportions of germanium. The enrichment of brown 
coal in the concentrate is accompanied by an enrichment of germaniu 
in the organic fraction: from 83.3% in the original coal to 97.3% in th 
concentrate. 

A comparison between the lustrous and the dull varieties of coal i 
also significant. Inasmuch as their ash contents are about the same, 
the mineral forms of germanium are more than twice as high in the 
dull as in the lustrous material; this may be explained by differences 
in the early stages of their coalification environments. 


Table 6. Forms of Germanium in Coal 


% of Total Germanium 


As Ge humate in the As silicogermana 
Coal organic fraction or germanate int 
mineral fraction 


Brown coal, ordinary 83.3 
Vitrain 79.0 
Durain 55.2 
Concentrate of brown coal 97.3 
Gas coal 87,2 


——— 
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Abstract 


The average germanium content in \ pit waters of the Kizelov coal field has 
been determined: it equals 1.5 mg/m°* . The water pumped out from 40 pits 
ably carries out about 200 kg of germanium per year. The comparison with 
germanium amount being yearly carried out with the coal bears witness to a 
strong bond of germanium with organic coal matter. 


There are only limited indications in the literature on the content} 
germanium in waters, and there is an apparent absence of data on ge} 
manium in waters from coal mines. 

In the Kizelov Basin, the Viseian Coal Measure lies between Devo 
an and Carboniferous limestones and is represented by sandy-clayey 
sediments containing more than 20 layers of coal. Hydrologic envire 
ments of the Basin are very complex [3]. There are two basic type 
underground waters: the bed-fissure waters of the Coal Measure anq 
waters in the carbonate sediments. Waters of the coal mines consist 
both of these types. As a rule, they contain free sulfuric acid in con! 
centrations up to several thousand milligrams per liter. 

Pumped waters from 20 coal mines in different parts of the Basin 
were tested in July 1957. The in-flow of acid to nearly neutral water 
is highly variable in individual mines. Moreover, there were also — 
tests of waters from the limestones overlying the coal measures 
(Borehole 469). One sample of ground water was collected outside 
boundaries of the mining area. 

Water pumped from the Serov Mine was tested three times: in _ 
August 1956 and in July and August 1957. The results were the same 
in all three tests, and our data on germanium in these waters could B 
be accidental. 

The phenylfluoron colorimetric method was employed in testing fo 
germanium [4] in mine waters. In order to isolate germanium from 
the interfering elements, following neutralization and evaporation of 
sample, germanium was extracted by carbon tetrachloride from the | 
HCl solution of the residue [2]. 

Germanium was discovered in 13 out of 20 mine shaft waters (see 
table) brought up by the pumps, in concentrations up to 3 mg per cub} 


meter or 2 to 6 times the limit of detection of Ge by the colorimetrit 
method. 
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Germanium Content of Waters in Kizelov Basin 


+ 
| Coal seams | Free H,SO,, | Discharge, ] Germanium, 
ource exploited mg/liter m%/hour mg/m? 
jes: 
. Lenin oy lls} 220.5 960 3 
1somolets ial 1362.2 96 1 
odarskii Oeeleiontt3 3694.6 174 1,5 
6, Kapitalnaya Doel itil) 187.5 1850 1 
imirskaya al 83.3 90 Not detected 
141 11 Not detected 365 Not detected 
44 ‘ ial Not detected 180 2 
DV 11 426.3 50 3 
‘in bils at) 759.6 650 3 
h-skii il heel} 2597.0 360 3 
}inin fui ale 1347.0 550 2 
velyanka 11 053.7 120 1 
38 Olds 735.0 246 Not detected 
; he Te ale: 764.4 300 Not detected 
apitalnaya Ole ts 568.4 850 1 
Ish sh a} - 250 Not detected 
LOM ie 13 - 60 Not detected 
Oli 13 — 200 Not detected 
SIS - 150 2 
9, 11+ 13 80 1 
ehole 469 - — - Not detected 
jl in the yard of 
buse No. 3, Krasin 
reet | _ - —- Not detected 


Such concentrations of germanium are 30 times as high as its con- 
itration in sea water [5] and nearly 17 times its concentrations in 
heral springs, as reported by V. I. Vernadskii [1]. No germanium 
detected, however, in waters from Borehole 469 which drains the 
seian limestones overlying the coal measure or in water from a well 
uated outside the mining area. Consequently, it is reasonable to 
ypose the Kizelov Basin waters are enriched by germanium which is 
ched chiefly out of coal. 

Simplest calculations show that mine waters of the Kizelov Basin 
itain, on the average, 1.5 mg germanium per cubic meter and that 
sut 100 kg germanium is pumped out with the waters of 20 coal 

aes annually. The total number of coal mines in the district is 40. 
suming that the content of germanium in all coal mine waters is as 
ad in the 20 mines we tested and assuming the pumping discharge 
m 40 mines to be about twice the discharge of the 20, the total 
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germanium yielded in mine waters of the district should be about a 
kg annually. There is no doubt that germanium was being leached ow. 
of coals prior to the opening of the district for exploitation, andis | 
being leached even now from the places in the district where there i 
no mining at this time. We may believe, therefore, that total germam 
um leached out of the coals annually is somewhat higher still and the 
the leaching of germanium out of the coals during the geologic time |) 
may have a substantial geochemical significance. | 

About 11 million tons of coal is mined in the Basin every year [3f 
containing probably several tons of germanium. A comparison of thifj 
figure with the amounts of germanium discharged annually in mine 
waters shows that the scale of the leaching of germanium is modest |) 
and is in harmony with the data on the tenacity of the binding of ger- 
manium by the organic substance in coal. 

Mine waters are formed differently in different coal mines and 
there are differences in the resistance of coals to weathering. Henc@ 
the differences in the rates of leaching of germanium out of coals. It 
is possible to suggest therefore that further studies of germanium ini 
coal mine waters may result in discoveries of such sources of the 
metal that its economic production shall become feasible in the 
nearest future. 
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THE GERMANIUM CONTENT OF SOME SPRING 
WATERS IN KAMCHATKA 


E. P. Mulikovskaya and O. N. Tolstikhin 
All-Union Institute of Geologic Research, Leningrad 


Abstract 


iermined. The amounts found range from 1 to 25 micrograms per liter. 
sides germanium, considerable amounts of boric acid and arsenic have been 
ected. An interdependence between an increase of the germanium content 


Mineral springs of Kamchatka and of the Kurile Islands have been 
fdied systematically in recent years by members of the Expedition, 
11th District, the Fifth Geologic Administration. Some of the 

Ving waters were examined for germanium. Preliminary results 

» presently to be discussed. 

|Germanium was determined colorimetrically, with the aid of phenyl- 
iyron. Collection of germanium from the water and its separation 
the interfering constituents were done as follows: germanium was 
lected by the Cl-anionite EDE-10 and was desorbed from the anion- 
by 9N hydrochloric acid by carbon tetrachloride and re-extracted 

5 to 10 mls distilled water. This extract was the test solution for 

# determination of germanium. The method was sufficiently sensitive 
{the determination of 0.5 to 1 micrograms Ge per liter. 

iThe springs here examined may be divided into several groups, de- 
iding on their geologic environments and the origins of their solutes. 
2 largest one, the Nalychevskaya Group, is situated at the headwaters 
he river of the same name on the eastern slope of the Valaginsk 

hge and it includes both the Nalychevsk and the Talovyi springs. The 
shkui springs, in the Kekhkui River valley; may also be referred to 

| foregoing group on the basis of their geologic and hydro-chemical 
‘ironments. 

iThe regional geologic environments of the group are defined by the 
ensive development of strongly folded Tertiary andesitic tuff- 

-ecias locally ruptured by small Neogene granitoid bodies. At the 

e of the folded rocks, there is a complex of terrigenic sediments 

ich crop out somewhat farther north, in the Bogachev and Kronotsk 
itricts. The tuff-breccias are overlain by Quaternary effusives 

ich form a relatively severely dissected plateau. 

Nalychevskii, Talovyi, and Kekhkuiskii springs, combined here into 
-Nalychevsk Group, are thermal and their chemical composition is 
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about the same, as is evident from the data in the table. Their wate! 


manium per liter. Their boric acid and hydro-arsenate are conspicy 
ously high. Bromine, iodine, and small amounts of naphthene acids _ 
are also present. The gaseous phase is chiefly carbon dioxide; nitr¢ 
gen is predominant in the Talovyi spring. Curiously, germanium col 
tent of these three springs increases in parallel with both boron and} 
temperature. 

There are certain similarities in the geologic environments in th¢ 
areas of the outcrops of the Karym and the Akademiya Nauk springs} 
which are not far from the now active Karym Volcano, whose base is} 
composed of Tertiary tuffogenic-effusive materials overlain by 
Quaternary effusives. The northernmost spring of the group, the 
Karymskii, carries 3 micrograms per liter of germanium. This 
spring is directly in the caldera of the volcano of the same name. 

The Akademiya Nauk spring is at the southern extremity of the | 
Karym Lake filling the extensive ancient caldera of the Karym Vol- | 
cano. This spring carries the maximum of germanium: 25 micro- 
grams per liter. B, 

Despite the resemblances between the environment of their out- | 
crops, the springs differ among themselves in their composition. h 
Akademiya Nauk spring is of the sodium chloride type and is relative} 
high in fluoride, while the Karymskii spring discharges water of a 
mixed composition in which magnesium bicarbonate is predominant. 

The Uzonskii springs yield a special type of volcanic mineral 
water which is related directly to activities of the fumaroles. These} 
springs are in the bottom of a large annular depression in the Terti-} 
ary and Quaternary volcanic materials composing an ancient caldera 
of the Uzon Volcano, according to B. I. Piip. One may observe out- q 
crops of fumarole streams over the extensive area of this depression 
the fumaroles are concentrated within several fumarole fields. The 
Uzon mineral waters are formed by the action of volcanic exhalations 
on the fresh waters of the ground. As is characteristic for waters Of! 
such type, the Uzon waters are chiefly of the sulfate or the sulfate- ~ 
chloride composition and are highly variable with respect to their 
cations. Germanium in the Uzon spring amounts to 8 micrograms pe 
liter. 

The Savanskii mineral springs are in the south of Kamchatka. Tht 
are associated with the eastern apron of the West-Kamchatka Artesia 
Basin, which is composed of Neogene sediments overlain by a mantle 
of Quaternary effusions. The Upper Miocene sediments are exposed © 
directly next to the spring whose outcrop is controlled by a N - S tee 
tonic zone traceable for more than 2.5 km. The water is of the sodilll 
chloride type; the mineralization is relatively weak; 20 micrograms 
per liter of germanium is present. 

It is a matter of considerable interest that the Savanskii thermal 
waters are directly associated with outcrops of petroleum and metha 


f 


qi 
2 | 


Ge IN SPRING WATERS 495 


Analysis of Kamchatka Springs 


Ge, micrograms | Temperature | pH “Formula of Water’’ 
spring per liter eG (according to Kurlov) 
AP 
Phevskii 8 73 (CO,)M ClaSOis 3 3 
{hail 24-2 Nas yCayy Fy, HBO2,, HASOs1, , Br; 
es Cl,,S05 ; 
yi 3 29.9 6.7 | (N.)M, , Maca. F,., HBO?,, HAsO} Br, 
ae Fe CIZHCO; 
sk c 2 : ; 
suiskii Nes 22 6.5 | (CO,)M, o NEF OLN Fy.4 HBO%,5 HASO$ ous Io.g Bry 
a. r HEO.Gy 
skii 3 312 6.5 | (CO,)M,. Neca Fy. HBOZ HASO} yp 
emil Cc iCO2 
k SSSR 25 97 7.8 | (N,)My.9 2a HCOs | HBO?, HAsO! 
2 és Nag, . 1 
‘ies ‘ Cl,,SO4, 
skii 8 76 5.8 | (CO,)Mo. neenea, F,., HBO2, HAsO} , 
a. ClRHCOe i 
pokii 20 75 Gin (CH4)Mo.5 Na,,Ca, _ HBO*,, In 2 Br, y 
e- ClygSO4 
\zhminskii 1 55 OF [oN ines Naa. Fy ¢ HBOZ HASO{ os 
. ae - SO},Cl, 
aiskii 6 52 CLO AVI Na,.Ca,; Bove 


| The effects of the petroleum source rock on the composition of 
Savanskii waters consist of the presence of noticeable quantities of 
de and bromide, in the absence of sulfate (reduced to hydrogen sul- 
), and in the microbiological characteristics of the environment in 
th the bacterial fermenters of hydrocarbons are predominant. 
“he Nizhne-Chazhminskii spring is near the sea shore, at the 
hern extremity of the Kronotsk Peninsula. The geologic environ- 
it at the outcrop of the spring is contingent on the regionally exten- 
Miocene formations of volcanigenic sediments underlain by the 
er Paleogene to Lower Neogene Bogachev bed. The Nizhne- 
hminskii waters are of the sodium chloride type and they carry 
| tively little germanium: 1 microgram per liter. 

he Anavgaiskii spring is in the central part of the Mediam Range 
redinnyi Khrebet’’ ). According to E. Ehrlich, this spring outdrops 
{zone of a major fissure which controls the Bystraya, Kozyrevskaya, 
Anavgai Rivers. Geologic environment of this spring includes 
»ogene and Neogene volcanic rocks altered appreciably in the fis- 
> zone wherein the spring is contained. Water of the Anavgaiskii 
ng is of the sodium sulfate type which is characteristic of mineral- 
waters developing in Tertiary volcanogenic rocks. Its germanium 
ent is 6 micrograms per liter. 
*he available data on germanium in the springs of Kamchatka are 
ficient for any kind of conclusions regarding the causes respon- 
e for its appearance, its regional distribution, and its association 
some definite type of water. Only one fact is sufficiently clear, 
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namely, that germanium in waters increases with their temperature 
notwithstanding certain exceptions. Comparison of our data with sof 
others, on the springs of Japan, is a matter of some interest. Spec 
cally, the germanium maxima in the Beppu Springs, according to | 
Kavakami [2], are as high as 32 micrograms per liter, while the kng 
germanium maxima in the springs of Kamchatka are 25 micrograms 
per liter. Thus the community of the Kamchatka-Kurile and of the 
Japan mineral water provinces is sustained also by the similarity of 
the concentrations of germanium they contain. 
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Geokhimiya began publication in 1956 under the able editorship of 
P. Vinogradov. It is the Soviet counterpart of Geochimica et Cosmo- 
imica Acta, having practically identical fields of interest and cover- 
2 and publishing approximately the same number of pages per year. 
th the great increase in geochemical research in the U.S.S.R., there 
ve come into being a variety of highly specialized journals in geo- 
2mistry and related fields. It is probably better to begin translating 
‘S more general journal first and follow with some of the more spe- 
ilized ones if interest appears to justify this course of action and if 
» financial arrangements can be made. It is hoped that there will be 
ficient interest in this journal to justify translation and publication 
5 complete volumes) of the issues for 1957 and 1956. If individuals 
i organizations who would purchase such translations will write to 
2 of the Editors, the work will be undertaken when enough expres- 
ms of interest have been received to justify the expense involved. 
ices presumably would be approximately the same as for the 1958 
sues. 


'The National Science Foundation has been most cooperative in this 
ature. They not only indicated willingness to back it financially but 
so helped in calculating probable costs and possible subscription in- 
me during the first year. It is on these figures, and those for adver- 
ing and administration, that the grant is based. It is a pleasure to 
csnowledge here the advice, assistance and support of the National 
ence Foundation. 


Earl Ingerson 
Translation Editor 


In matters of subscription for Geokhimiya refer to: Moskva K-104, Push- 
sakaya, 23, Akademkniga. Chief Editor: A. P. Vinogradov. - Editorial 
‘ncil: V. I. Baranov, K. A. Vlasov, V. I. Gerasimovskii, D. S. Korzhinskii, 
A, Saukov, N. I. Khitrov (Responsible Secretary), V. V. Scherbina (Deputy 


ief Editor). 


Geochemical News is an informal bi-monthly newsletter publis 
by the Geochemical Society and sent without charge to all of its mem 
- bers. It contains news of the activities of the Society, such as summa=" 

ries of Council Meetings, reports of committees and plans for the 

future. It also includes announcements of forthcoming meetings, a d 
symposia of interest to. geochemists, personalia, announcements or 
short reviews of books of geochemical interest, information on trans- 
lations and translation services, letters and short notes by members; 
etc. 

During 1959 the Geochemical News will contain a series of articles 
on research in geochemistry in laboratories in the United States, not 
only those associated with universities but industrial laborer as 
well. ; 

Subscriptions are available to institutions at $2.00 per bi Order 3 
should be sent to the Treasurer: 


Dr. George T. Faust 
U.S. Geological Survey 
Washington 25, D.C. 


Individuals who wish to receive the News should join the Geochemi 
Society. Application blanks are available on request from the Treas- 
urer. Dues are $2.00 per year. 
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Geochimica et Cosmochimica Acta is the official journal of the Geo-= 
chemical Society. It is an international journal interested in the broad 
aspects of geochemistry, both geographically and subject-wise; articles 

have been received from contributors from all of the (inhabited) con= 
tinents. 

New chemical data and interpretations involving chemical princip. 
are emphasized. For example, papers in chemical mineralogy, petro 
ogy, oceanography and volcanology are acceptable, as are those in 
chemistry of meteorites, whereas it would be suggested that those in 
descriptive mineralogy and volcanology, petrography, physical and bio- 
logical oceanography and physical meteorites, be sent to other journa 
specializing in these subjects. 

Thus, the subject coverage is closely similar to that of Geokhimiya. 
Also, the number of pages published per year is of the same order of 
magnitude. Subscription prices are as follows: ’ 


To members of the Geochemical Society--$10.00 per year 

To other individual subscribers--------- $20.00 per year | 

To libraries, laboratories, and other institutional subscribers 
wa--n----- $46.50 per year 


Orders for subscriptions should be sent to: ? 
Pergamon Press Pergamon Press, Ltd. 


122 E. 55th Street OR 4 Fitzroy Square 
New York 19, N. Y. London W.1, England 


